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Chlorella vulgaris of a re-isolated clone was culture4 in 
Knop's solution to which different amounts of pure heteroauxin 
were added. The results show that auxin promotes the enlarge-
ment of the individual cells. ParticQlarly in the young cultures 
the cell volume is proportional to the logarithm of the auxin 
concentration. In older cultures the matter is complicated by 
the shortage of another factor, presumably food. At high con-
eentrations auxin retards cell division. This is probably due 
to a decreased amount of chlorophyll and a decreased photosyn-
thetie activity. 
In agar medium heteroauxin in very low concentrations stimu-
lates growth, but at high concentrations inhibits growth of the 
alga. 
Auxin does not a!feet respiration but it markedly affects 
the rate of photosynthesis. The effect is ~ndirect through the 
changes in the chlorophyll content and the cell size. In the 
young cultures the rate or photosynthesis is proportional to 
the chlorophyll concentration, while in the old cultures it is 
proportional to both the chlorophyll concentration and the ex-
tent of the cell surf ace. 
P~vt z. 
~.- J!alva leaves are diaphototropieally sensitive, i.e. the 
leaves orient themselves transversely to the sun's rays. They 
follow the sun's course during the day and return to their 
original position at night. No such movement can be observed 
in diffuse light or in darkness. Light is perceived by the 
8b 
lamina. The movement consists of a curvature of the laminar 
joint which is capable of reversible contraction and extension. 
A difference in osmetic pressures on the two sides of the petiole 
is found to be responsible for the curvature. 
The leaves of Carica papaya assume a horizontal position 
in the day and droop abaxially at night. The movement has a 
normal periodicity of twenty four hours due to some internal 
cause (autonomic). 
The mechanism of the movement has been shown to be of the 
f olloving sequences 
(1) There is a differential distribution (or production) of 
auxin on the apical and basal lobes of the leaf blade. 
~ (2) Because of its special v&sicular st:rueture the auxin 
from the apical lobe goes to the lower (abaxial) side of the 
petiole, while that f rem the basal lobe goes to the upper ( adaxie.l) 
side of the petiole. 
(3) Because of the differential supply of auxin, the two 
sides of the petiole grow unequally and give rise to nyctinastic 
curvature. 
ACKNOVtLEDGDMT 
Tke following work has been done under the direction of 
Professor Went to whom the author wishes to express his sincere 
gratitude for the constant adviee and constructive criticism 
during the course of the experimentation. 
The author is very grateful to Dr. R. Emerson for the 
supply of the pure strain of c. vulgaris and for the guidance 
and adviee during the experiments with Chlorella. 
To Dr.~. c. Marshall of the La Jolla experiment station 
the author is indebted for the supply of seeds and seedlings 
of c. papaya. 
Finally to all the members of the staff of the biolegical 
laboratory, the author expresses his appreciation fer the criti-
cisms, suggestions and assists.nee which have been of constant 
valwe during the prosecution of this work. 
TABLE OF CONTENTS 
PART I 
Effect of Auxin on Chlorella vulgaris 
Chapter I. Effect of auxin on the growth of Chlorella vulgaris in 
liquid medium. 
I. Introduction. 
II. Material and method. l. Isolation of material 2. Method of culture 
III. Determination of volume concentrations. 
IV. Determination of dry weight. 
v. Determination of cell size. 
VI. Determination of cell number. 
VII. Determination of auxin content. 
VIII. General discussion. 
IX. Summary. 
Chapter II. Effect of auxin on the pigment content, respiration and 
photosynthesis of Chlorella vulgaris. 
I. Introduction. 
II. Determination of chlorophyll. 
III. Determination of carotenoids. 
IV. Respiration. 
v. Photosynthesis. 
VI. Relation between photosynthesis, chlorophyll content and 
the -surface or the cell. 
VII. Summary. 
Chapter III. Effect of auxin and auxin-like compounds on the growth of 
Chlorella vulgaris in solid medium. 
I. Introduction. 
II. Material and metkod. 
III. Results. 
IV. Conclusion and discussion. 
1. Heter&auxin. 
2. Auxin-like acids. 
s. Vitamine B1 • 
v. Summary. 
'!'ABLE or COHTEB'l'S 
PART II 
Studies on the Movements of Leaves 
Chapter IV'. Diaphototropic movement or leaves of lfalva neglecta. 
I. Intreduetien. 
II. Effect of light on tae movement. 
A. Observations under normal light eo-nti tions. 
B. Observations under evenly dif tueed light. 
c. Observations in darkness. 
D. Observations under colored light. 
III. Analys11S of t-be movement• 
A. The organ of -perception. 
B. '!.'he -organ of reaction. 
IV. l{eehanism of the movement. 
A. Relation to growth. 
B. Extension and contraction of the laminar joint. 
c. Osmotic relations in the joint. 
v. Summary of results and discussion. 
VI. General summary. 
Chapter v. Nyetinastic movement of leaves of Carica papaya -- nature 
of the movement. 
I. Introduction. 
II. 'Material and method. 
III. 
t_.o(.(y-Se The norma.l ~ or the movement. 
IV. Movement under constant illumination. 
A. Leaves grown in the green house. 
B. Leaves grown in constant light. 
I 
Ef tect of Auxin on the Growth ot 6hlorella vulgaris 
in Liquid Uedimn. 
:t. Intrehetion. 
Within -the last ten years the literature on awtin, t.he plallt growth 
hormone, has piled up with amazing rapidity. The general results have 
been recently summarised in a nwnber of reviews (Went 1935, Thimann 1935) 
and a book bearing that title (Boysen-Jensen 1936). Surveying this fieltl 
one will find that by f a.r the greater part of ·&he work on auxin ha.a been 
done with higher plants. Very little as is yet known as to its relation 
in lower plants. A few papers have reported the occurrence of auxin in 
fungi (Rielsen 1930, 1932) and algae (Van der WeiJ 1933), but its effect 
in these groups of plants is almost unknown. In fungi it appears to be 
in~effectiTe (Boysen-Jensen 1932). In some algae (Euglena) it seems to 
\, '.\': ~. 
stimulate cell-di vision and germination of cysts ( P-opof t . 1935) • In a re-
cent abstract (1936) Elliot reported some experiments witb auxin on the 
growth of protozoa. He found that auxin promotes the growth of chloro-
phyllous protozoa (protophyta) but is without effect in the colorless 
species. .,.\ few papers have also been put out by Leon1an and others (1935. 
1936, 193'1) but their data are too cnide to be of any value. Furthermore 
the authors appear to have a rather inauf ficient knowledge of the question 
and have drawn quite erroneous end= riiieuloua conclusions. It seems te be 
important therefore to make a careful study of the subject. This is the 
purpose of the present study. 
The unicellular green alga Chlorella vulgaris has been ehosen as material 
because the physiology of this term is well known. The growth cycle of the 
species has been recently studied by P•arsall and Loose (1937). The metabo-
2. 
lism (Beckwith l929), respiration (French, Kohn, and Tang 1934), photo-
synthesis (Emerson 1936) and nitrate reduction (Warburg 1928) of this 
and other species (C. pyrenoidoea) of Chlorella have been investigated. 
Because of this it is a suitable object for the study or the effect of 
auxin and the mechanism or the processes of growth. 
II. U&terial and methods. 
A· Iselatien of material. 
Size class 
Frequency 
A pure strain of Chlorella vulgaris that had been cultured in 
the laboratory for more than ten years was kindly supplied by R. 
Emerson. Preliminary examination of tae culture shewed tha~ the 
size of the individual cells varied considerably. The frequency 
distribution curves or the measured diameters were net symmetrical 
and had two to three indistinct peaks. See figure 1. 
Table I. Distribution of cell size in the original culture. 
0-1 1-2 2-3 3-4 4-5 5-6 6-1 1-8 8-9 9-10 10-11 11-12 12-13 13-14 14-15 
0 14 20 35 19 109 97 105 82 84 65 21 
' 
1 1 
This was probably due to the oeourrence of mutations which arose 
during long cultivation. In order to get a more uniform strain the 
culture was diluted 102, 103 , 104 and 105 times and spread on nutrient 
a.gar plates. In a month small colonies appeareci which were probably 
derived from the division of single cells. The colonies were selected 
and bransferred to agar slants in test tubes, and allowed to grow for 
about two weeks. A total of fift7-f our slants was thus o'btained from 
which nine were selected and transferred to liquid media. One of 
these cultures (A-15a) was chosen as the in~oculum for all the experi-
men~s in the present investigation. The cell size in thia clone (A-l5a) 
fell on a normal distribution curve as shown in table II and figure 2. 
ble II. Dist ribuLien of cell 
Table II. Cell size distribution in clone A-l5a. 
Units in micrometer divisions. 
Ocular lOx 
Objective 40x 
~ 
Size class 
---
0-1 1-2 2-3 3-4 4-5 5-6 6-'1 Total Average 
diam. 
Frequency -----
1st ~--- l 119 342 l3Y 15 'f 3 624 3.13 
2na ~::'..- 3 85 171 .,84 17 4 0 S64 3.10 
Total --------- 4 204 513 221 32 11 3 988 a.12 
3. 
B. Method of culture. 
'!'he culture medium described by Warburg and Negelein (1922) 
was used. Four stock solutions were prepared from "Kahlbaum" 
chemicals in redistilled water from a Pyrex still. 
(1) MgS04.7~0 so gm. per liter 
(2) KN08 25 " " 
tt 
{3) ~P04 25 " .. " 
(4) Fe2(so4) 3."7820 2.a " ft '' 
The solid medium u.sed in the plates and slants was made according 
to a modified forala of Benecke which consisted of: 
(1) ~P04 14 c.c. of stock 
(2) KM03 6 " .. .. 
(3) MgS04 4 
ft 
" 
ti 
(4) Fe2(so4) 3 trace 
(5) \0 {dist.) 1000 c.c. 
{6) agar 2 % 
The liquid medium consisted of a 
(l) 1fgS04 10 c.c. of stock 
(2) ~os 10 .. .. " 
(3} ~P04 10 " .. ft 
(4) Fe2(S04)3 0.2 c.c. Gf stock 
Distilled water was added in ammounts to make up the volumes 
shown in column 2 of table III for the different eultures. The 
medium was placed in 300 c.c. Erlenme7er flasks with entrance and 
exit tubes ter gas as described by Emerson (1929) and sterilized 
in an autoclave for fifteen minutes under eighteen pounds of pressure. 
A stock solution of 0.2 mg. per c.c. pure crys·talliue heteroauxin 
4. 
(beta-ind&le-aeetio acid Merck) was made up fresh for each experi-
ment. This auxin stock was s~erilized separately, and then added 
to the culture flasks in a;mounts given in column 3 of Table III. 
Tnis brought the total volume ot each culture to 200 e.e. of approxi-
mately equal osmotic pressure (concentration). 
Table III. Auxin concentrations of dif:f'erent cuhurea. 
Culture Media Auxin Sol. Resulting auxin 
No. c.c. c.c • cone. mg./c.e. 
l 200 • 0 
2 199 l 0.001 
3 195 5 0.005 
4 190 10 0.010 
5 180 20 0.020 
6 160 40 0.040 
The media were then i/noculated with one c.c. (3•4 mm! of cells) 
of the original stock cultures (A-15a) by means of sterile pipettes. 
The cultures nere grown in a glass-bottom water bath and illuminated 
from below with a series of internally frosted filament lamps. A con-
tinuous stream o~ air containing 5 j'o ao2 was passed i;nroug.u lille eul~ 
tures. The culture conditions of the different experiments are given 
below. 
Table IV. Experimental conditions. 
Exper. Date Days of Cult,ure Lighting Temperature Remarks on 
No. culture. No. conds. of tank. growth. 
l 8/14-10/28 '75 14 9x40 watts warm very slow 
2 11/12-11/27 16 9 ti medium fair 
3 12/20-1/12 25 7 tt cold slow 
4 2/1 -2/16 15 7 9.x.60 watts cola fair 
s. 
Exp er. Date Days Of Culture Lighting Tempera tu.re Remarks on 
No. culture. Re. conds. of tank. growth. 
5 2/24-3/ll 16 "I 9x60 watts cold good 
6 3/18-3/25 
' 
6 tt cold good 
8 3/29-4/13 15 6 
" 
cold good 
It can be seen from the table that the external eondi ti on a were 
not at all the same in the different experiments. 'I'ile tirs'ti three 
experiments had a lower light intensity and a meh more varied en-
vironment than the last three experiments. Therefore the different 
culturee of each experiment were strictly comparable only wit.run each 
other and only a rough comparison was allowable with the last three 
experiments where tlle conditions were mere "Uniform.. 
At the end of the experiment the cultures were .harvested and 
determinations were made of the volume concentration, dry weight, 
average cell diameter, cell number, and the auxin concentration. 
For convenience these determinations will be discus~ed ~eparately 
1n 'the following sections. 
III. Detennina-cion · o1 volume concentration. 
The volume concentration, expressed in mm! of cells per c.c. of 
culture, was determined by centrifuging the cells from a known volume of 
'line cml-~ure in a graduated hema'toerit. The eentrifuge was run at full 
speed (grea~er than 3000 r.p.m.) for twelve minutes, a time previously 
found to give a constant reading. At least two determinations were made 
for each culture. An example oi ouch a det,ermina~ion is shown in table v. 
A summary of the results of different experiments is found in table VI. 
It will be seen that the deviation for duplicate readings {table V) 
was about 2 - 3 io although it might be higher for more dilttte cul'tures. 
The deviation between two duplicate cul tu res was higher ( 5 fo) .especially 
Table v. Volume determination by centrifuging. (Exper. 5, March ll, 1937). 
mm! cell 3 cell 3 Average Culture Auxin Hematocrit Cul tu re taken mm. mm. cell 
No. cone. No. c.e. read correct. /c.e. cul. 
la 0 I 6 15.'1 27.6 4.63 
0 8 6 28.0 27.3 4.55 4.59 
lb 0 I 6 14.8 25.8 4.30 
0 8 6 2'1.0 26.2 4.3'1 4.33 
2 0.001 13 6 26.0 24.'1 4.12 
0.001 14 6 25.5 24.6 4.lC 4.11 
3 o.oos I 6 14.'l 25.6 4.2'1 
o.oos 13 6 2'1.0 2s.e 4.30 4.28 
4 0.010 8 6 24.9 23.8 3.97 
0.010 14 6 24.0 23.0 3.83 3.90 
5 0.020 13 '1 18.5 16.9 2.41 
0.020 14 '1 18.0 16.B 2.4-0 2.41 
6 0.040 l't 100 26.0 24.8 0.25 0.25 
Table VI. Volume determinations by centrifuging -- summary of experiments. 
Exper. -- 6 4 8 5 2 3 1 
Days ---- '1 15. 15 16 16 25 '75 
Culture Awtb 3 mm. cells per c.c. culture 
No. cone. 
la 0 tL.22 3.55 4.41 4.59 1.09 3.13 3.'11 
lb 0 l.42 
- -
4.33 
-
2.93 3.50 
2 0.001 1.51 3.80 4.2'1 4.ll 0.8'7 s.os 4.32 
3 b.005 0.25 2.24 3.40 4.28 0.64 4.44 3.65 
4 0.010 0.16 2.6'7 3.41 S.90 o.54 4.88 3.70 
5 0.020 0.16 
-
0.10 2.41 0.11 4.'74 3.98 
6 0.040 
-
0.2'7 
-
0.25 . 0.16 0.15 3.90 
tor the young rapidly-growing cultures, which was probably due to 
the slight!y different ammoun~ of inJoculatioa. 
A general conclusion can be drawn from these results. This is 
that in low concentrations of aWtin (0.001 mg./c.c.), t.ne hormone does 
not affect -the grmh of the cultures but in higher concentrations 
(0.010 to 0.020 mg./c.c.) it progressively retards the growth of the 
cul~ures, so that at tne highest concentration (0.040 mg./c.o.) the 
culture fails to grow at all. Experiments l and 3 were exceptional 
(section VIII, -&able XVI) in that auxin had disappeared by the end of 
the experiment. Experiment 2 was also abnormal in this respect; tae 
cultures were dilute and the destruction of auxin was high. These 
three experiments had diherent culture conditions (table IV) and also 
a different source of heteroau.xin (prepared by 1ibe ehemical laboratory 
of the institute) • Culture 6 presented a pathological condition, due 
to an overdose of auxin. The cells were brownish red and disintegrating. 
It i6 known that the growth of Ohlorella in culture slackens af'ter 
the concentration reaches a na.ge of saturatio11. This phenomenon is not 
due to the exhaustion of ~he mineral supply of the medium (Pearsall and 
Loose 1937) (Sargent~ unpublished result) but is perhaps a result of de-
crease in photosynthetic activity, the only means by which the plant can 
obtain its food in the inorganic medium. At this sta.ge there is a decrease 
in hexose content and protein synthesis with an accumulation of wall 
material, comparable to the phenomenon of senescence of the cells of the 
higher plants {Pearsall and Loose 1937). On account of this lower rate 
of growth, the high concentration auxin cultures reached saturation con-
siderably later than the controls (table VI) • In this respect auxin may 
be regarded as.able te~the cells longer in the juvenile state tM;.., 
....i:t ie a'.ble te pxeven'b acJ:ng in tile higher pleats (Went 1935)'(\ A fulle~ 
discussion of this will be given later. 
IV. Determination of dry weight. 
D17 W9ight determinations were made on 100 to 200 mm! cf cells 
from each culture. The cells were centrifuged out of the culture medium, 
washed in distilled water, transferred to a weighing bottle and dried in 
an electric oven at 60 - 70°c. Table VII gives an example of such a de-
termination and tables VIII and IX give the summary of the results of 
three experiments in which the dry weight is expressed respectively as 
3 mg. per c.c. culture or mg. per mm. cells. 
Table VII. Dry weight of cells. (Exper. 5, March 11, 193?) 
Cult\i.re Auxin Weighing Culture Cells Tare wt. wt. of bot. Dry weight 
Bo. cone. bot. No. taken c.c. mm! or bot. plus cells. cells mg./c.c. 
lb 0 2 50 216.5 42218.l 42255.l o.740 
2 0.001 31 50 205.5 41397.5 41434.4 0.'738 
3 o.oos 30 50 214.0 40496.2 40534.0 0.'156 
4 0.010 8 50 195.0 3'1865.6 3'7898.'1 0.662 
5 0.020 23 '10 168.7 399'73.4 40004.4 0.44S 
Table DC. Dry weight per mm! cells. Table DII. Dry weight pe>r c.c. culture. 
Exper. -- 8 5 1 Exper. -- 8 5 1 
Days ---- l& 16 '75 Days ---- 15 16 '15 
Culture Awd.ll 
Mo. cone. 
la 0 I0.174 0.1'11 0.194 0.'766 0.'740 0.720 
lb 0 
- -
0.182 
- -
0.639 
2 K>.001 0.181 o.1so 0.1'73 0.7'74 0.'138 0.743 
3 o.oos 0.207 0.17'1 0.182 0.'105 0.'156 0.66'1 
8. 
Te.l>le IX (Con•} Table VIII (Cen.) 
Exper. 
--
8 5 l Exper. .. .. 6 5 1 
Days 
----
15 16 75 Days ........ 15 16 75 
Oul.t. i.uxir!I 
cone.I 
Cult. Auxin ! 
No. I No. cone. 
-
4 0.010 0.196 0.170 0.171 4 0.010 0.669 0.662 o.Gsa 
I 
5 0.020 
-
0.183 0.1'10 5 0.020 -i. - 0.443 0.678 
~ '~ 
' 
0.040 
- -
0.172 6 0.040 I 
- -
0.670 
A study of the tables shows that the dry weight, i.e. the amount of 
dry matter per o.c. of culture decreases with the increasingly high concen-
tration of auxin (table VIII), eo that the dry weight per mm~ of cells is 
approximately constant w1 thin the limits of experimental error (table IX) • 
Thie result indicates that auxin does not affect the water content of the 
cells and the increase in cell volume caused by auxin (see next section) 
is not exclusively due to the absorption of water. This may be due to an 
immediate increase in wall materiel. after expansion (Siding 1984). Or 
more probabl7 because in Chlorella, whio-h -is a.utotrophic, e.n increase in 
cell volume by water ereorbtion is quickly followed by an increase in 
assimilation as will ~e shown in a later eh.apter (Chapter II) • 
v. Determination of cell size. 
A. Method of measurement. 
Cell size was determined by measuring the diameters of a large 
number of cells with the aid of en ocular micrometer under high mag-
nification {880x). A preliminary experiment (table II, figure 2) 
showed that one sample in which 300 cells were measured was enough 
to give a good distribution curve e.nd a reliable average. The same 
procedure was therefore followed in all the later experiments~ 
Several precautions were observed in the measurement: 
<It_ 
'In experiment 2, 1000 cells were measured. 
9. 
(l) Jleasurement was ma.de as soon as possible after the cultures 
were harvested. 
(2) A thin slide preparation was used so that all the cells could 
be seen at the same f oeua. 
{ S) Several spots were taken at random on the slides and all the 
. ~ 
cells at ~ spot were measured. 
(4) The rare ellipsoidal cells were measured along whatever diameter 
in line with the microme~er. 
(5) Cell clusters were measured as one single cell if the enclosing 
wall was present, e.nd as separate cells if the wall no longer 
existed.. 
After measurement a frequency table and a distribution curve 
were constructed for each culture. .An example is given in table X 
3 
and figure i-• The mean diameter was then calcule.ted from the frequen-
cy table. The probable error of the mean was very small. about 
:f: o.os - 0.10~ or less than 2 %. The difference between the means 
obtained f rem two measurements was about l % and the difference be-
tween the mean die.meters of two duplicate cultures was l % tor the 
mature cultures Md about 5 % for the young developing cultures. 
The diameter of the cells was theretore a much better criterion for 
a culture then the volume concentre.tion or the dry weight measure-
ments for the study of auxin effects. 
'?he surface area-and the volume of the cells were calculated 
from the mean diemeter, assuming the cells to be spherical. 
B. Results and discussions. 
The average die.meter, surface and volume of the cells in four 
experiments are summarized below (table XI). 
10. 
Table x. lteasureme-nt of cell diameters. (Ex.per. 6, 7-de.y old culture.) 
Culture No 1'• la lb 2 s 4 5 
Auxin cone. 0 0 0.001 0.005 0.010 0.020 
Size class. f fo f 'f. t fo t % t % t fo 
0-l 0 0 0 0 0 0 0 0 0 0 0 0 
1-2 4 1.1 5 1.4 0 0 0 0 0 0 0 0 
2-s 34 9.5 so 8.4 7 2.0 2 o.s 2 o.7 0 0 
3-4 6'1 18.'1 SS 16.2 25 '7.1 10 3.8 8 2.'1 5 1.9 
4-5 L03 28.S 101 28.2 62 17.5 22 8.4 22 7.4 17 6.3 
5-6 89 24.S 75 20.9 102 28.8 36 13.E 37 12.4 29 10.8 
,_, 39 10.9 M 15.1 84 23.'1 57 21.~ 66 22.1 43 16.0 
'T-6 l'T 4."l 22 6.l 48 13.6 47 18.0 5'1 19.l 48 l'T.9 
8-9 3 o.s 10 2.s 16 4.5 30 11.5 36 12.l SS 14.2 
9-10 l 0.3 4 l.l 4 1.1 20 7.6 21 '1.0 2'1 10.l 
l©-ll l o.s 2 o.G 11 4.2 16 5.4 17 6.S 
11-12 l o.a 
' 
2.'1 lO 3.4 1'7 6.3 
12-13 l o.s 5 1.9 s 2.'1 13 4.8 
13-14 6 2.s s l.'1 6 2.2 
14-15 5 l.9 6 2.0 5 1.9 
15-so 1 0.4 2 o.'1 2 o.'l 
16-1, 0 0 0 0 1 0.4 
17-18 2 o.s 0 0 
18-19 1 o.s 
19-20 l o.s 
Total -- 358 359 352 261 298 268 
Av. diem. 4.'1'1 4.99 5.8'1 '1.54 7.'14 s.21 -,i,;crvetf SC e 
6.34 6.62 7.80 10.05 10.SO 10.95 mu 3 Volume 133.5 151.9 248.5 f 533.2 ,~72.2 1689.5 llU Surf ace l26.S 137.'1 191.2 31B.l 333.2 3'17.5 mu2 
11. 
Table XI. Average cell die.meter, surface and volmae of cells measured 
by micrometer. Summary of experiments. 
Exper.--- 6 2 8 5 
Days ---- ,, 16 15 16 
no. Auxin Diam. Surf. Vol. Diem. Surf. Vol. Diam. Surf. Vol. Diam. Surf. 
cone. tl-l µ,_. µQ )l 112.- 1'3 11- µ7.- µ3 fl Jt( Z-
la 0 6.34 126.J 133.5 5.34 89.6 '19.'1 6.44 lB0.4 140.0 6.55 134.6 
lb 0 6.62 13'1.7 151.9 
- - - - - -
G.48 131.9 
2 0.001 7;.so 191.2 248.5 '7.41 1'72.5 213.Cl 6.33 126.0 132.9 7.46 1'15.0 
3 o.oos 10.05 318.1 533.2 '1.4S 175.'f 219.l 7.32 168.2 205.C '1.3'1 171.S 
Vol. 
J1, 3 
146.S 
142.3 
217.'I 
210.7 
~ 
4 0.010 10.30 333.2 572.2 '7.31 167.8 200.c 7.99 200.5 266.9 8.36 220.1 
5 0.020 10.95 3'1'1.5 689.! 8.45 224.4 316.C 
- - -
9.52 285.0 
6 0.040 
- - -
6.'11 141.4 158.l 
- - -
8.58 231.4 
In all experiments the cells in the auxin cul tu res were IJ!UCh larger than 
the controls. The average volu.me ~sometimes as great as four times end 
giant cells 50 - 60 times that of normal oelle. 
!B figure 4 the average cell volume is plotted against the logarithmof 
the auxin concentration. It is seen that in young cultures (curves A and 
B) the cell volume is a linear function of the logarithmic auxi• eoncen-
tration. In this respect Chlorella is comparable to the cells of higher 
~ 
plants. Laibach (1935) found that the size of swellings or call!- on de-
capitated Vicia faba epicotyl increases proportionally to the logarithm of 
the auxin concentration applied. 
In the elder cultures (curve 0) this relation between cell volume 
and aux.in concentration is more complicated. First, the cell volumes 
are in general smaller than those of young cultures. Second, while in 
the high auxin concentration cultures (0.01 - 0.02 mg./c.c.) the logarith-
mic relation is retained, in the low auxin concentration cultures (0.001 -
0.005 mg./c.c.) the cell volume appears to be constant, although still 
306.8 
452.4 
330.9 
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above the oontrela. 
It has been said. in . connection with volume concentration (section III) 
that the high auxin cultures grew more slowly and reached saturation later 
than the contrels. By referring to table VI it is seen that while the con-
trols and the low auxin cultures had reached the saturation point in 15 or 
16 days (Exper. 2 was abnormal, see below) the higher auxin cultures were 
still well below that stage. It has also been suggested that the slackening 
of growth at saturation was probably due to a shortage ot the food factor 
ea.used by a lower rate ef phetosynthesia. Taking these things into consi&era• 
ti on, it is at once evident that the growth in cell volume depends not only 
on auxin concentration but also on the amount of another factor, presumably 
food. In the low auxin cultures the food factor was lin&ing, while in the 
high auxin cul turee this stage had not yet been reached. Here agein Cl'llor-ella 
growth is compare.ble to that of higher plants. The importance ·of the f oed 
factor in the latter has been studied by Went (1935) and Schneider (unpub-
lished resulte). 
The results of experiment 2 require some explanation. Referring to 
table XVII one can see that the destruction of auxin in all the cultures 
of this experiment was abnormally high ( 50 - 60 %) • The reason for this 
has been suggested before (section III). Now if one takes the final auxin 
concentration instead of the initial and shifts the points correspondingly 
(indicated by arrows on curve C) it can be shown that they agree completely 
with the results of other experiments. A similar exple.nation applies to 
the first point (lowest auxin culture) of experiment s. In this culture 
auxin had disappeared completely (table XVII) and the cell volume was there• 
fore eqaal to the control. 
VI. Determination of cell nuniber. 
In three experiments cell counts were made with a hemacytometer. 
Two samples were used for each culture and 500 - 1000 cells were counted 
in each sample. In experiments 5 and 6 the whole hemacytometer chamber 
including t,he grooves was filled, while in experiment 8 only the plateaus 
were filled with the culture. With the former method the deviation of 
the duplicate counting& amounted te as much as 20 fo, while with the latter 
method the. maxiDltUB cleviaticn was around '1 fo. 
Table XII gives an example of such an experiment and table XIII 
gives the results of three experiments. (See next page). 
It is seen that with lower auxin concentration cultures the number 
of cells per c.e. of culture was comparable to the controls, but in the 
higher auxin concentration cultures the number was considere.bly smaller. 
The ref ore auxin in high concentrations, while it promotes the growth of 
cell volume, retards the growth by di vision. The latter ef feet was more 
pronounced than the former, resulting in a lower volume concentration 
determined by centrifuging. 
Table XIV shows a comparison between the volume concentration 
calculated from di~eter measurements and that determined by eentrifuging. 
In this calculation the cells were assumed to arrange themselves in -the 
manner of closest packing, so instead of the ordinary formula for the 
volume of a sphere (4.189 r3), the formula 5.66 r3 was used to allow for 
the spaces between the packed cells (Bragg and Bragg 1933). 
It can be seen that the observed (centrifuged) volume concentrations 
are much larger .than the calculated ones, actually about two times in 
case of smel.l cells (cultures l and 2) and 1.5 timea for the larger cells 
(cultures 3 and 4). As the discrepancy exceeded the maximum error of 
Table XII. Cell counts. (Exper. B, 15-day culture, April 13, 1931). 
Culture Auxin f 3 Average % No. eells Mo.2celle per Cell no. O.lmm. No. cone• A B c dev. Der cc. cul. mm. of cells. 
1155 1155 0 0 ' l. 0 1155 - 11.55 x 10 2.61 x 10 
%. 0.001 1043 1138 117'1 1119 7 11.19 2.&2 
3. o.oos 819 814 
-
816 3 8.16 2.40 
4. 0.010 614 653 
-
634 a 6.34 1.86 
Table XIII. Number of cells per c.c. culture. Summary of experiments. 
Exp er. 
--
' 
5 8 
Days ---- ., 16 15 
Cult. Auxin A B A B A B 
No. cone. 
la 0 3.61 2.ti 6.40 1.40 11.55 2.61 
lb 0 a.5s 2.49 7.1() l.G4 
- -
2. 0.001 3.41 2.26 5.99 1.46 11.19 2.62 
3. o.oos 0.24 0.96 6.0l 1.40 8.16 2.40 
4. 0.010 0.16 l.OO s.1s 1.33 6.34 1.86 
s. 0.020 0.14 o.ee 2.76 1.14 
- -
A -- number of cells per e•!• culture x 10: 
B -- " " " " mm. of cells x 10 • 
Table XIV. Comparison of cell volume determined by cell measurement and 
by centrifuging. (Exper. e, l5-day culture, April, 13, 193,). 
Culture Auxin Average Cell vol. Cale. vol. Observed No. ot Comparison 
No. cone. cell closest §one. vol! cone. cells/ · observed 
mg./ radi~§ pack!Vg rmn./c.c. mm./c.c. c.e. of0 calc. 
f'! .. P. ... mm .. 
"""-
enl.t.10' 
2.18 
l. 0 a.22 189.2 • •••• 4.41 11.55 2.0 
2. 0.001 3.17 179.5 2.01 4.2'1 11.19 2.1 
s. o.oos 3.66 276.9 2.2s 3.40 B.16 1.5 
4. 0.010 3.99 360.6 2.so 3.41 6.34 1.5 
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the three determinations by almost ten times, eVidently it could. net 
be due to the !ne.ccuraciee of the measurements. It is probable that 
the centrifuged cells had not approached the condition of closest 
packing. The fact- that the two n.lues of volwae concentration came 
closer to each other for larger cells indicated that capillary phenomena 
perhaps palayed an important role in the centrifuging. 
VII. Determination of the auxin content of the cultures. 
In experiments 1 and 2 the Avena test method (Went 1928) was used 
to determine the auxin concentration in the culture media. In later 
experiments (experiments 3 to 8) the pea test method (Went 1934) was 
chosen because of its ease of manipulation and its applicability to a 
wide re.nge of concentrations. The sterile stock solution of auxin was 
first tested. in several different ... a.oilutiena ef ¥ar"-8 dilutions. The 
pea curvatures obtained were pletted against the logarithms of the auxin 
concentration in mg. per 10 liters. ( k1-l. E, ::hJ- S-) 
Table xv. Activity of sterilized stock solutions of G.s. determined by 
the pea test method. 
Dilutions Concentration Log of Exper. 3 Exper. 4 Exper. 5 Exper. 
tested. mg./10 1. cone. 
10 200 2.3 
-
49'1 472 
-
20 100 2.0 
- -
383 4'18 
40 50 1.7 
- - -
320 
50 40 1.6 
-
394 300 
-
100 20 1.3 333 298 
-
302 
200 10 1.0 261 
-
224 203 
400 5 0.'1 
- - -
115 
500 4 o.6 152 
- - -
1000 2 o.s 
- -
82 66 
6 Exper. 
8 
5'/0 
-
-
-
345 
-~ 
-
155 
'TO 
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The cul.tare media were centrifuged from the cells and tested either as 
such or in different dilutions. '!'heir auxin concentrations (in mg. per 
10 liters) were obtained from their pea curvatures by interpolation 
from the graph (figure 5) • From these results the percentage ef auxin ~ W 
disappeared was calculated. 
Table XYI. Auxin destruction in cultures. 
Exper. 
--
6 4 8 5 3 2 l 
Days 
_. ___ 
'I 15 15 16 25 15 75 
Cult. Au1n 'f. of auxin disappeared. 
Ho. cone. 
2 0.001 32 0 100 0 100 72.6 100 
~ 0.005 12 0 0 0 100 56.2 100 
4 n n1n 0 0 0 0 100 53 100 
5 0.020 0 0 85 0 94 66 100 
6 o.040 • 85 
-
95 99.S 56.S 100 
Table XVI gives the results of seTen experiments. In the first three 
experiments the destruction of auxin was 50 - 100 % in all cultures. But 
in later experiments no appreciable destruction was observed except in a 
few cultures. This w.as because of the different eonditiens of the experi-
ments or more probably because of the differences in the sources of the 
atmdn used (section III). In this respect the first three experiments 
may be regarded as abnormal. 
The fact that in normal cultures no dete~table amount of auxin 
disappeared suggests that the amount of auxin actually used up in growth 
was very small. The disappearance of auxin must be largely due to de-
struction. The highest auxin cultures (culture 6) in all the experi-
ments showed considerable destruction. The cells in these cultures were 
16. 
brownish and disintegrating and had probably a high oxidation activity. 
Some destruction was also found in the lowest auxin culture of experi-
ment 8 9 4ue possibly to 1nf ection, although no bacterial. or fungal 
growth had ever· been noted. 
J.n experiment was eon&.ieted to ascertain the destruction of auxin 
by sterilization. The results are given in table XVII. It is seen 
that the destruction is about 2B %. 
Table XVII. JJoss of activity of auxin by sterilization. 
(Exper. 3, Jen. 12, l9S,, stock 0.2 mg./ c.c.). 
Dilution Cone, Log Ci Curvat11re0 x2 Log c2 : Ca Ci - c, 
mg./10 unster. st er~ ......... &11og C1 Ci liters Xl lt2 Xi xi Ci. 
100 20 1.3 37'1 333 o.es3 1.148 14.0 0.30 
200 10 1.0 261 
500 5 0.7 186 152 0.818 0.573 3.'I 0.26 
'f. 
des. 
30 
26 
Av. 
28 
It may be of interest here to compare the range of auxin used in this 
investigation to those used in studies on higher plents. Sueh a comparison 
is given in table XVIII. 
Table XVIII. Comparison of ranges of auxin concentration. 
Plant ~rrective range or auxin cone. Author I mg./liter 
,~_--, ~--· - = 
Chlorelle. cult o.66 - ia.3o ~ 
Avena test 0.01 - 0.04 Went 1935 
Pee. test l.OO - 10.00 Went 1935 
lean swellings .. 2.3 - 1165.0 Laibach 1935 
~ ~ ;,,..!~ tUe~Nu ~ ~ ~~ 
It is seen that the range of concentration used is comparable to 
that in the pee. test; smaller than in the bean swellings and larger then 
in the Avena test. In this range we have seen that auxin, while it 
1'1. 
promotes the growth of cell volume, has also begun to inhibit division. 
A lower concentration has been tried in a.gar medium and the results will 
be given in Chapter III. 
The question arose as to whether Chlorella cells could produce auxin 
by themselves. Several tests were ma-de on the media and on the cells 
themselves by chloroform extraction. '!'he results were all negative. 
However, this fact does not necessarily mean that this alga is completely 
unable to synthesize auxin for it is possible that it produees auxin in 
very small quantities s~ that it is undeteetable by the.ordinary Avena 
test method without preliminary cenc-entrati•n· Van der Weij (1933) found 
the presence of auxin in the cell eap and cell wall of Valonia by concen-
trating the extract 10 - 100 times. 
VIII. General disc11saion. 
A. Gell enl~gement. 
Since the growth of Chlorella eells consists of eell division and 
cell enlargement, it seems profitable to discuss them separa't"ely. 
The fact that· auxin promotes cell enlargement· in Chlorelle. has 
been definitely shown by the above experiments. It reme.ins to consider 
the actual mechmdsm. by which this te.ltes place. It is well known that in 
higher plants the auxin causes en increase in the plasticity of the cel1 
wall 'frhich favors the abserbtion ef water and causes the cell to elongate. 
Increase of wall material and dry weight occurs in a later stage. The 
same mechanism probably exists in algae.'1.though there is no direct proof 
for this conception, the circumstantial evidence however supporting this 
view. 
First,. we have seen the general course of the growth cycle in both 
algae and higher plants is approximately the same and the chemical changes 
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involve4 in both cases are also strikingly similar (Peareal and 
Loose 1935). Second, unlike fungi and bacteria, algae have the same 
J-
cellulose wall as higher plants. In a recent paper the~mi.crescopic 
structure of the cell wall of Valonia has been investigated (Preston 
and Astbury 193'1) and it was found that the micelle..r arrangement is 
comparable and traceable to that in wall of fibers in higher plants. 
Since the action of auxin is primarily on the mieelle..r units (Benner 
1935) and ie e:ven effeeti¥S in dead fieerr, there is very little doubt 
that it has shown the same activity here. Third, our data show that 
the se.me logarithmic relation exists between th~ auxin concentratien 
and the cell size as in higher plents (section V). And finally, as 
will be shown later (Chapter II), auxin does net affect respiration 
in Cblorella. Tl9.is indicat·es its action is primarily on the cell wall 
as in the case of the higher plants (Bonner 1936, Heyn 1931,1934). 
Just as in higher plants auxin is not the only factor that limits 
the process of cell extension in algae It has been shown that (sectien V) 
while in young cultures the cell size is strictly proportional to the~~ 
auxin concentra.tien, in eld cultures, eepeeially at low auxin concentrations, 
this is no longer true. '!'his fact suggests the presence of e.nethe-r factor 
which is unimportant in the young cultures but becomes limiting in the old 
ones. The exact nature of this factor is not knowri. That it is perhaps 
a question of food has been discussed (section V and section III). Food 
factor or factors have already been known in the higher plants {Went 1935). 
Whether these factors are of the same nature remains to be i·nvestiga'led. 
Summing up, it may be concluded. that as far as cell extension is 
concerned auxin has the same ef'fect on Chlorella as in the higher plants. 
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It may prove to be a better object for the study of the auxin 
mechanism and growth, since it eliminates completely the question 
of transport (Went 1935) and because of its unieellular nature it 
furnishes a good object for the study of penetration and accumulation 
of auxin in cells. 
B. Cell multiplicatie. 
We have seen that while auxin promotes the growth in cell volume, 
~~ ~~ 
in higher concentrations it inhibits cell division. ~s resu£..~ that 
the auxin cul tu res at a given age are always more dilute than the con-
trols (section III) and contain a smaller number of cells (sectionVI). 
FY11Sl_e_ pft'l-~d~'8re~om "bioe" anll B W!i~~:~cJi/iiliik­
l@.te ce l di vis:f::on in_yjast The slowing don of the g-rowth rate by 
auxin leads to a later saturation and a longer period of growth of the 
culture. In this sense it may be considered to have a rejuvenating 
effect. The inhibition of cell division with increasing concentration, 
e.nd especially in high concentrations, is very well marked. In solid 
~ . 
media the effect is even more pronounced (see Chapter III). This phen-
omenon has lead Leonian (1937) to consider that auxin is an inhibitinrh 
rather than a promoting, substance. His conclusion is, however, not 
true as we shall see in a later chapter (Chapter III). 
Since very little is known as yet about the physiology of cell 
division, it seems premature to give any explanation of this inhibition 
by auxin. Nevertheless, there are some points in this eo.nnectien worth 
mentioning. As will be shown later (Chapter II) in the case of young 
cultures the rate of photosynthesis of the auxin cells is lower than the 
controls and this lowering of photosynthesis is quantitatively related 
to a smaller chlorophyll content. Correlating these facts, it seems 
reasonable to think of the inhibition process as consisting of the 
following steps : 
auxin _..,,,. chlorophyll--?' photosynthesis ·~ cell di vision 
In the first step just how auxin inhibits chlorophyll formation 
is unknown, s.nd will not be discussed here (Chapter II). The second 
step, concerning the relation between chloropllyll and photesynthesis, 
has been worked out by Emerson (1929), Fleischer (1935) and the experi-
ments presented in Chapter II. The last step, however, may consist of 
several short steps at present unknown. Since photosynthesis is the 
only source of food there in the cultures, it is not unreasonable to 
believe that it is related to cell multiplication through the foed 
supply. Furthermore, recent works on cell division hormones, e.g. 
vitamine B, phytosterols, bean hormone, eto. have shown them to be 
largely found in the green parts of the plant, end so probably ef 
photosynthetic origin. It is possible that a lower rate of photosyn• 
thesis decreases the supply of such faetors or hormones, this then 
limiting cell divisien. A more direct cennectien between chlorephyll 
and the growth factors (vitamines) has been suggested in the litera-
ture (Schertz 1928). This, however, seems to the writer to be improb-
able. 
In the older cultures the same thing appears to be truw. In this 
case the auxin cultures have a higher photosynthetic activity than the 
eontrols and correspondingly they continue to increase in cell number 
while the control cultures have reached saturation and have practically 
ceased to multiply. The relation between chlorophyll and photosynthe-
sis here is not so simple as in the young cultures and this will be dis• 
cussed in a later chapter (Chapter II). It must be admitted in conclusion 
that this scheme is of a tentative and hypothetical nature. It 
only gives a possible, perhaps quite probable, mechanism of auxin in-
hibition of cell division in the case of Chlorella. It also must 
be emphasized here that such inhibition, whieh appears enly in com-
paratively high concentration ef auxin, can therefore not be regarded 
as a normal attribute of auxin. Mistake in this regard has lef\d to 
quite erroneous conclusions. 
IX. Summary• 
{l) A eimpl• me1;bgd w•s--vse.d to ieela~A single-cell clone of 
Chlorella vulgaris and '"' was cultured in inorganic liquid medi~ 
with and without auxin (beta-indole-acetic acid). Cultures were 
grown for 7 to 15 days or longer. The various determinations were 
(2) The auxin cultures were found to be always more dilute than the 
cultures without auxin. They grew comparatively slower and there-
fore reacaed saturation later than the controls. This effeet in-
creased with the concentration Gf auxin. At very high auxin concen-
trations the cultures became imjured and failed to grew. 
(3) The dry weight of the cultures follow.rt-the seme course as the 
volume concentration, i.e. it decreased with increasing concentration 
of auxin. The amo1*t of dry matter per unit volume of eells was 
approximately censtant. 
( 4) Measurement If cell diameters sh~w-4 that auxin stimulate.I the 
growth in eell size. In young cultures the average volume of cells 
was directly proportional to the logarithmof the concentration of 
the auxin. WM In older cultures this 5:-s not so apparent owing to the 
presence of another factor. 
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(5) The number of cells per unit volume of the culture decrease-
with increasing auxin concentration, indicating that auxin inhibite:A 
or slow.I up the rate of cell di vision. 
(6) Under normal conditions no appreciable decrease of auxin could 
be found in the cultures for 7 - 15 days. Mo detectable ameunt of 
auxin was produced by Ohlorella cells themselves. 
( '1) Discussions were given concerning the mechanism of growth of 
Chlorella and on the effects of auxin. Conclusions were reaohed 
that (a) the same mechanism exists in Chlorella as in higher plants 
in the process of cell enlargement breught about by awd.n and (o) in-
hibition of cell division by auxin in high concentrations could be 
explained by a decreased amount of chlorophyll and photosynthesis. 
II 
Effect of Auxin on the Pipent Contents, Respiration and 
Photosynthesis of Chlorella vulgaria. 
I. Introduction. 
It has been shown in the foregoing chapter that the effect of 
heteroawtin on Chlorella vulgaris is two-fold: In the concentrations 
used (0.001 - 0.020 mg./c.e.) it stimulates the growth of cell size 
but inhieits multiplication ot cells by division. It was the purpose 
of the following experiments to find out whether the eff eets could be 
correlated with any change in the metabolic activities. 
Four experiments were made in this investigation, the materiel. used 
being Chlorella cells cultured in experiments 4 1 5, 6, and 8 of the 
last chapter. Detailed information on the method of culturing end the 
results of growth measurement are found in section II, Chapter I. De-
terminations were made of the pigment content, respiration and photo-
synthesis. The methed used and the results obtained will be described 
separately in the following eeetions. 
II. Determination of chlorophyll eencentration. 
The pigments present in the chloroplasts of the cells comprise the 
chlorophylls, carotin, and xanthophyll. The concentration of chloro-
phyll per unit volume of cells was determined by washing a known volume 
of cells with hot water, e.nd extracting two or more times with methyl 
alcohol until no colo-r was left in the cells. The total extract was made 
up to a known volume (10, 25, or 35 c.c.) in volumetric flasks. The 
extinction coefficient e.,.of a sample of the solution containing all the 
pigments was determined tor the wave-length 6598 l. from a neon tube. 
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This point has been found to lie completely outside the absor~tion 
curve for the carotenoids and is approximately at the peak of the 
chlorophyll absorption band in the red (lmerson 1929). The value fN£ 
was then transformed into absolute units, i.e. moles of chlorophyll 
per mm! or cells by the following expression (Emerson and Arnold 1932) : 
D = e.NE 
ve'm 
JV4!" 
x 10 v 
10002 
where n is the number of moles of chlorophyll per mm: of cells. 
~is the extinction coefficient for 10 mg. of chlorophyll/liter (0.476) 
m·is the molecular weight of ehlcrephyll (906.6) 
v is the mm. of cells used in the extract. 
V is the volume of the methyl alcohol solution. 
end€ ie the observed extinction coefficient. 
/II~ 
Table XIX. Determinations of chlorophyll. (Exper. 5, March 14, 193'1). 
Culture --- l 3 4 5 6 
Auxin cone. 0 o.oos 0.010 0.020 0.040 
#rlask ---- 163 325 326 927 3 
C.c. CFLOH 25 25 25 35 lQ 
-
Vm~ of cella 86.6 85.6 97.5 96.4 29.'7 
«. 61.5 62.2 64.2 oo.s 50.3 
~2- 38.0 37.5 34.'7 39.3 so.o 
ENS" o.3'724 0.3930 o.4'753 o.ssoe 0.0046 
n x iol-9 2.49 2.69 2.82 2.'18 0.04 
n'/cell x io• 1.52 1.92 2.12 2.42 0.084 
Table XIX gives an illustration of a chlorophyll determination 
and table XX gives the results of four experiments, in which the 
concentration of chlorophyll is expressed in moles per mm! cells 
and per single cell, together with the average volume of the cells 
for comparison. Since in experiment 4 the cell number was not 
measured only moles of chlorophyll per mm! of eells is given. 
Table xx. Chlorophyll content. 
Exper. 
-----
' 
8 5 
Days ---------
' 
15 l& 
4 
JS 
Culture Awtb n/mm' n/celJ cell n/mm! n/cfll eell n/'!ff n/cfs], cell 
Ho. cone. 109 iols vol. io' 10 5 vol. 10 10 vol. 
... ~ 
1 0 2.9'1 1.19 151.t 2.28 0.8'7 i40.e 2.49 1.52 142.S 
2 0.001 s.vo 1.64 248.5 2.13 0.81 132.9 
- - -
~ 0.005 ~ .. 33 3 .. 4, 533.2 2 .. '16 l.15 205.0 2.69 1.92 210.'T 
4 0.010 2.61 2.61 5'72.2 3.03 1.63 266.9 2.e2 2.12 306.8 
5 0.020 1.so 1.48 689.5 
- - -
2.78 2 .. 42 1452.4 
6 0.040 
- - - - - -
0.04 
- -
~ Owing to the innacaracies of cell eeunting, these values are not 
toe ~e;\~e1iousi,- (see Chapter I, section 6). 
It is seen that in the older cultures (experiments 5 and 8) the 
amount of chlorophyll per mm! of cells is about the same in both auxin 
and control cultures. This means that the amount of chlorophyll per 
n/r;:r! 
10 
l.'13 
l.76 
2.46 
2.24 
-
() 
unit quantity of cell material. or protoplasm is constant, it we consider 
the volume eoncentration e.s a measure of the cell material. The slight-
ly higher values for the auxin cultures are due to the fact that the cells 
in these cultures are larger and are packed tighter in the determinatiom 
of the volume concentrations by centrifuging (see Chapter I, section 6). 
The seme fact can also be observed in the values given for the amount 
of chlorophyll per single cell. These values are higher, the higher 
the concentration ot auxin, i.e. the larger the volume of a single cell. 
Therefore under these conditions a ~ee~exists between the 
development of chlorophyll and the growth in cell volume. 
In the young cultures this is, however, not strictly true. 
While in low auxin concentration cultures (cultures l, 2, and 3) 
the chlorophyll ce-ntent increases wiU1 eell volume, in the high 
auxin concentration cultures it falls behind the cell volume. 
The explanation for thi& is perhaps as follows: First, the growth 
in cell volume in the presence of a high auxin concentration is 
so much quicker than tlae formation et eblerophyll taat the latter 
is left behind; second, that in high concentre.tions of auxin, the 
chlorophyll formation may be actually retarded, as we have shown 
in very high auxin concentration ( O.Q40 mg./c:.e.) the cells fail 
completely to develop, any chlorophyll and become orownish red in 
color. It is possible that in comparatively high eo:ncentrations. 
auxin may in someway interfere with the absorption or such ions 
as Jig, Fe, or N03 , which have been found to be very important in 
the chlorophyll development in Chlorella (Fleischer 1935, Emersen 
1929). On the other hand it may be connected with some destructive 
mechanism of chlorophyll, the nature of which is not yet well know. 
It is important to emphasize here that the destruction or inhibition 
of development or chlorophyll is by no means a normal accompaniment 
ot auxin, as the concentration concerned with here is quite high. 
On account of the low chlorophyll content, the young auxin 
cultures have a 1011er photosynthetic rate than the corresponding 
controls (section VI) and this may consequently be the cause of 
the slew rate ef growth in these cultures (Chapter I) • 
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IV. Determination of the earotenoids. 
The same methyl alcohol solutions were used in the caret-
enoid determinations. The procedure was also the same exeept a 
different wave-length 4359.e 1. from a mercury source was used. 
At this wave~length the carotenoid.s have approximately their maxi-
mum absorption and the chlorophyll absorbs about the same amount 
as at the. other wave-length. Therefore, by comparing the extinc-
tion coefficients of the solution at the two wave-lengths the 
amount of carotenoida relative to chlorophyll can be obtained. The 
€ 
valves ~eare given in the following table. They can be translated 
into absolate units when the extinction coefficient for a standar4 
solution is known for this new wave-length. 
Table XXI. Ce.roteneids in the cells. 
Exper • ............. c.: 4 5 
Days ------...... ~ 15 16 
Culture Auxin 5t-> ~ No. eenc. EHL EN1=- E,IV ... E1-1"" e,.,4:-- €~" 
l () 0.9869 0.2684 3.'l 1.1859 0.3'124 3.4 
2 0.001 1.2035 0.2992 4.0 
- - -
3 0.005 o.a4os 0.2407 a.s 1.2560 0.3930 3•2 
4 0.010 o.9506 0.25'10 3.'7 1.4193 0.4'153 s .. o 
5 0 .. 020 
- - -
1.1238 o.3aos 3.4 
6 0.040 0.17"11 i.9924 
-
0.4179 0.0046 90.9 
From the table it is seen that the valve ~Eis approximately a 
constant for the different cultures. Since the chlorophyll con-
tent of these cultures (experiments 4 end 5) has been shown in the 
above paragraph to be nearly constant, the carotenoid contents of 
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or these cultures are also approximately the seme. Unfortunate-
ly no determination of the carotenoids had been made in the young 
cultures {experiment 6) where as shown above, the chlorophyll coneen-
t ration varied with that of the auxin. 
In the cultures of highest auxin concentration (0.040 mg./c.c., 
(£.H_,.. 
culture 6, experiment 5) the ratio -;:;- is abnormally high. This is 
C.)Vt!' 
due to the extremely small amount of chlorophyll { te.ble XX). The 
cells have a brownish red color to the naked eye. The rod pigments 
in these cells are probably not all carotenoids. They are not easily 
extracted with methyl alcohol or petroleum ether, and do not give the 
microchemicel tests of the ce.rotins (Kohl 1902). They are probably 
decomposition products of some cell constituents, as the cells are 
apparently disintegrating. 
v. Respiration. 
Respiration was measured manometrically along with photosynthesis 
as described by Warburg (1926) and Emerson (1929). About 10 mm! of 
cells were taken for each culture. They were washed and suspended 
in Knop's solution previously saturated with air containing 5 % co2• 
7 c.e. of this suspension was placed in each veseel. A current ot 
5 % co2 in air was allowed to pass through the vessel and the manometer 
for two minutes. The vessels were then placed in a thermostat at 2soc. 
where they were constantly shaken by means of an electric motor. The 
respiration readings were made in darkness at intervals of 30 minutes. 
The rate of respiration, R, i& mm! of o2 absorbed per mm! of cells 
per hour was calculated from the change of pressure (~h), the vessel 
constant (K1) and the number of mm~ of cells used by the relationa 
R = K1~h X 60 
m 30 
.t.& ~~ 
A typical determination of respiration follows: 
I\ 
Table XXII. Respiration measurements. (Exper. 5, March 12, 1937). 
Culture Auxin i cells no. of man. 11 Change in SR B mm. No. cone. used vessel. pressure. nn.02/mm~cells~r 
l 0 9.1 '1 1.2'1 2.5 o.'10 
I 0.005 a.g:g B 0.'1S 4.8 0.'18 
4 0.010 10.92 9 1.3'1 s.2 o.eo 
5 0..020 ll.8i 10 0.74 5.8 0.73 
6 0.040 17.36 12 1.s4 o.s 0.77 
--
The next table gives the results of four experiments: 
Table XXIII. Summary of experiments on respiration. 
Exp er. 
.. __ ,.._ 
6 4 8 5 
Days ___ _.. ........ '1 15 15 16 
Culture Auxin 
(mm! 
R 
No. cone. of 02/ mm.s of cells/hr.} 
l 0 0.86 0.'10 o.s1 0.'10 
2 0.001 1.14 0.42 0.8'1 
-
3 0.005 0.12 O.'TS 0.94 0.78 
4 0.010 o.95 o.ao 0.92 o.so 
5 0.020 o.s4 
- -
0.73 
6 0.040 
-
o.os 
-
o.77 
It is quite evident that heteroauxin de es JI aff ut t1Ji9 ude sf 
pfio:b:syniltaei1 eut has no influence on respiration. The same phenome-
non has been observed in Avena coleotiles (Bonner 1936). Tli..is gives 
another indirect pieee of evidence for the same mechanism of eell 
enlargement in Chlorella and in higher plant5(see Chapter I). 
so. 
VI. Photosynthesis. 
Tke light source used in photosynthesis measurements consisted 
of a series of four to seven 100-watt internally frosted incandescent 
lamps placed belew the thermostat. This arrangement has been found 
to give a saturating (nen-limiting} light intensity. Readings were 
taken at five minute intervals and results were calculated in the 
same manner as for respiration. 
, The results of three experiments on photosynthesis are given in 
tables XXIV to XXVI, in which column e gives the rate of photoeynthe-
sia in mm! o2 produced per mm! of cells per hour corrected tor respira-
tion. Column 9 gives the same quantity in mm! x 10-e of o2 per cell 
per hour. 
Table XXIV. Photosynthesis. 
Temp. 2s8 c. 
(Exper. 5, 15-day culture, Feb. 24 - Uarehl.2) 
Illumination 7 x 100 watts. 
Cult. Auxin mm! of No. of Ki Change in Qo QO + R Q0 :+ R/ cell _6 No. cone. cells. vessel pressure mm.2 2mm. 2 - x 10 
l 0 9.1 '1 1.2'1 2.9 4.86 5.56 a.at 
I o.oos 8.99 8 0.'73 6.l 5.94 6.'12 4.80 
4 0.010 10.92 9 1.3'1' 5.6 8.44 9.24 6.95 
5 0.020 11.Sl 10 0.'14 22.s 17.1'1 17.94 15.'74 
6 0.040 lf .36 12 1.54 -0.1 0 0.'1'1 
-
Table XXV. Photosynthesis. 
Temp. 2s0 e. 
(Exper. 8, 15-day culture, Mar. 29 - Apr. 13). 
Illumination 6 x 100 watts. 
Cult. Auxin mm! or No. of Ki Change of Q02 Qo2+ R Qo2+B/cell _6 Mo. cone. cells. vessel pressure mm. mm. mm. x 10 
1 0 10.29 "I 1.2'7 2.49 3.69 4.50 1.72 
2 0.001 9.96 g 1.3'1 l.9'1 3.26 4.13 1.58 
3 o.oos 9.52 10 O•f 4 6.34 5.91 6.85 2~85 
4 0.010 9.55 12 1.34 4.45 '7.50 8.42 4.53 
"~ 
31. 
Unlike respiration. the role of photosynthesis is markedly 
affeeted by auxin. In the older cultures especially (experiment 8 
an.d 5} the higher the auxin concentration the higher is the rate ef 
photosynthesis. In the young cultures (experiment 6) the same thing 
is true for the lower auxin concentrations (0.001 - c.oes mg./c.e.) 
bu~ in the higher concentrations (0.010 - 0.020 mg./c.c.) the photo-
synthetic rate drops off again, although still above the controls. 
Table XXVI. Photosynthesis. 
Temp. 2s0e. 
(Exper• o, 7-day culture, March 18, 193'f). 
Illumination 7 x 100 watts. 
Cult. Auxin mm! of no. of Ki Change in Qo2 ~2-t-R Qo2+- B/eell No. eonc. cells. vessel preseure. mm. mm. mm. 
l 0 s.54 '1 l.2'1 10.9 19.4 20.26 8.14 
2 0.001 9.06 8 1.10 1'1.S 25.2 26.34 11.66 
3 o.oos 9.09 9 1.3'1 9.5 17.2 18.02 18.77 
4 0.010 S.40 10 0.'74 10.6 11.2 12.15 12.15 
5 0.020 8.46 11 o.99 5.S 7.5 8.34 9.48 
It the corresponding cultures of two different ages be compared, 
it will be seen that the photosynthetic activity tends to decrease with 
age, although the decrease in the auxin cultures' is smaller than in the 
eontrole. In this respect it appears that the auxin cultures are physio-
logically younger than the controls of the seme chronological age (see 
Chapter I). 
To find out whether auxin has a direct effect on photosynthesis the 
following experiment was undertaken. Three samples of cells were taken 
frem a culture without auxin, washed, and suspended in (l) ao2-Knop's, 
(2) co2-Knop's pl~s auxin to give a concentrati6n of 0.005 mg./c.c. e.nd 
(3) co2-Knop's plus auxin to give a concentration of 0.010 mg./c.e. 
The ;ate of photosynthesis of these three samples was measured mano• 
metrically at l, 'T, 25, and 32 hours after they were put in the auxin 
solutions. The results are given in the follewing table: 
Table XXVII. Immediate effect of auxin on photosynthesis and respiratien. 
(Ex.per. f, March Sl - April 2, 193f) 
-
Auxin mm! or No. of Ki Photosynthetic ,. Respiration R 
cone. cells. vessel 1 '1 25 hours l '1 hours 
0 9.45 8 0.'73 15.2 19.l 19.S 21.5 0.49 0.51 
0.005 9.45 10 0.74 1,3.6 15.'l 14.7 1'1.2 0.46 o.ss 
0.010 9.45 11 0.99 13.'l 16.0 14.4 16.0 0.43 o.s4 
No significant difference in the photosynthetic rates is observed, the 
slight difference in the Qg2 ~ probably due to the error in the measure-
ment and preparation of the cell samples. From this it may be concluded 
that this effect of auxin on photosynthesis is not direct but is due per-
haps to some change in the cell during a comparatively long period of 
cultivation. 
VII. The relati0n between photosynthesis, chlorophyll, e~d surface. 
Emerson (1929) and Fleischer (1935) have both shown that in young 
cells (5 to 7 days old) cultured in Fe or N deficient media a linear 
relation exists between the rate of photosynthesis and the concentration 
of 'W:la chlorophyll. The same thing is observed here in the 7-day cul-
tures (experiment oi. Table XX.VIII shows that the ratio of the phote-
eynthetic rate per cell to the chlorophyll per cell is approximately 
constant for the different cultures, with and without auxin. Single 
s ~~ 
cells, instead of mm. of eells, are used here as a unit because X be-
lievehhat volume concentration or mm~ of cells determined by centrifug-
~ing is not a very satisfactory quantitf for cells of different sizes 
(ChaRter I). The infaccuracy of cell counting does not affect the 
result here, for in the calculation of Q/chl from Q/cell and chl/eell 
it is cancelled out. 
In the last column of table XXVIII the average cell surf ace is 
given. It can lle seen that cell surf ace has nothing to do with the 
photosyntheiis in these young cultures. The same thing has been 
suggested by Fleischer (1935). 
Table XXVIII. Photosynthesis and chlorophyll in young cultures. 
(Exper. 6, '1-day culture} 
Culture Auxin Oa produced Ohl/ce!ls 02 produced. Oell surf aee mm~ x. io-4 Ho. cone. per cell.per 6 n x 10 per mole of 3 -- c~. per hour. hour. m. 10 
mm. x io-9 
1 0 e.14 l.19 6.S l.26B 
2 0.001 11.66 l.64 '1.l l.!Jl2 
3 0.005 18.'1'1 3.4'7 5.4 3.181 
4 0.010 12.lS 2.61 4.'f 3.382 
5 0.020 9.48 1.48 6.4 3.775 
In the old cultures (15 - 16 days) the linear relation between the 
rate of photosynthesis and chlorophyll content no longer holds. Column 
5 of table XXIX shows that the ratio Q (eell)/chl (cell} is not eonstent 
but increasing steadily with the increase in cell surface (column 6) so 
that if Q (cell)/ chl (cell) is plotted against the average cell surface 
a straight line is obtained (figure 6) • 
One remarkable thing is seen in this treatment. In the two experi-
ments performed at different times the individual quantities (photo-
synthesis, chlorophyll and cell surface) varied considerably (see 
columns S, 4, and 6), yet the relation Q/chl to cell surface falls 
exactly on the smne straight line. · This fact seems to ex.elude any 
-
possibility that the relation is an acci4ental one. 
Table XXIX. Relation between photosynthesis, chlorophyll and cell surface. 
(Mature cultures.) 
Cult. Auxin o2 produced Ohl/cell g ~cell) Cell surf. K 
r.ro. eenc. per cellpei n x io-15 ehl (cell) mm. x ur4 x io-5 
hour. 10- · 
EX;eer. 5 l. 0 3.39 l.:>~ 2.~~ l.eiS.1.9 .L.'7 
3 o.oos 4.BO l.t2 2.so l.'/'ll l.S 
4 0.010 6.95 2.12 3.28 2.201 1.5 
5 0.020 15.'/'4 2.44 6.45 2.sso (2.3) 
Exner. 8 1 0 l.'72 0.8'1 1.98 1.304 1.5 
2 0.001 l.58 0.81 1.94 1.260 l.S 
! 0.005 2.85 l.15 2.48 1.682 l.5 
4 0.010 4.53 1.63 2.'18 2.005 1.4 
(experiment 5 was 16-day culture, 8 was 15-day culture). 
The only culture in which Q/chl to surface does not fall in line 
is culture 5 in experiment 5. This is understandable if we examine its 
Q/ehl value which is much larger than the rest and is comparable to the 
values obtained. in the young cultures (column S, table XXVIII). The 
culture is, as before said, physiologically young (Chapter I) and there-
fore not comparable with the rest. 
To summarize, the results of the present experiments j.ndicate that 
~ ~ 
at least threeAfactors are involved in photosynthesis: age, chlorophyll, 
,. /1 
and cell surface. In young cultures the rate of photosynthesis depends 
upon the concentration of chlorophyll. In old cultures it depends upon 
both chlorophyll concentration and the extent of cell surface. The 
ef feet of auxin is indirect through the increase in cell surf ace. 
The literature on this phase of photosynthesis is rather limited. 
as. 
Practically nothing is yet known about the age factor. The relation 
between chlorophyll and photosynthesis has recently been discussed by 
Emerson (1936) who came to the conclusion that it is not the chlore-
phyll that actually limits the rate but a substanoe combimng with co2 
)";\a,,~ 
and whose concentration
1 
.. var1'J~ linearly with the chlorophyll. The 
importance of surf ace in photosynthesis has been repeatedly suggested 
although without any evidence (Warburg 1928, Bely 192'1). From the 
, results obtained here it seems that photosynthesis is related somehow 
to a surface reaction or a factor which varies with the extent of the 
surf ace of the cell. 
Recently it has been shown by Emerson (1935) that Chlorella cells, 
exposed to strong light for several hours, show a large increase in the 
rate of photosyntkesis without any increase in the chlorophyll content. 
Since no measurement of the cell diameter is available detailed treatment 
can not be given. However, it can be shown to fit quite well with the 
present scheme if a suitable increase in surface is assumed. Experi-
ments of this nature, it seems to the writer, may lead to some elucidation 
of the complex process of photosynthesis. 
VIII. Summary. 
(1) Chlorella cells cultivated with and without auxin were used. 
Their growth charactersuare described in chapter I. 
(2) Determinations were made of the chlorophyll content, carotenoid 
content, respiration and photosynthesis. 
(3) Chlorophyll was found to vary directly with the quantity of cell 
material. In young cultures high auxin concentrations seemed to 
retard chlorophyll formation. 
(4) Carotenoids varied in the same manner as the chlorophyll. 
(5) Respiration was not affected by auxin in all coneentrations, a 
condition comparable to that 1n the higher pla.nte. 
(6) Photosynthesis was markedly affected by auxin. In old cultures 
photosynthetic activity increas,ed with auxin concentration. In young 
cultures the same was true for low auxin concentrations, but in high 
auxin concentrations the rate of photosynthesis droppi"ort, due to a 
low content of chlorophyll. 
(7) In young cultures photosynthesis was shown to be a linear funetien 
of chlorophyll concentration, and in old cultures photosynthesis was 
a linear function of the product of chlorophyll concentration and the 
cell surf ace. 
III 
Effect of Awdn on the Growth of Chlorella vulgaris 
in Agar Jlediat. 
I. Introduction. 
The f ello'fiing experiment is ef a preliminary nature. Its pur-
pose is three-f el4. 
(l) To find the effect ef heteroauxin on Chlorella on solid 
media. 
(2) To test the activities of the substances chemically re• 
lated. to auxin. 
(3) To test the activity et vitamine B,on Chlerella. 
Special interest was given to the action of heteroauxin itself. The 
reasons •re: first, to compare the effect of heteroauxin on Chlorelle. 
on solid media with the results obtained in liquid cultures (Chapter I), 
and second,-to repeat more carefully the results of Leonie.n (1937) on 
the inhibitory action of heteroauxin on a vef7 similar species of algae 
' ~~ ........... ( Chlorella pyrenoidoee.) k solid media. 
Previous experiments along these lines of study are varied and 
scattered. They will be discussed separately in a le.ter section. 
II. Materials and method. 
The pure clone (Al5a) of Chlorella vulgarie isolated in the former 
experiments (Chapter I) was used. The agar media were made according 
to the modified Benecke formula, described in Chapter I, eection II. 
Fifty-two clean and dry petri dishes were used, 20 c.c. of the medium 
being poured into each. They were sterilized in an autoclave at eighteen 
pounds pressure for twenty minutes. 
as. 
Ten stock solutiens of the different substances were made. 
They had· the following concentrations: 
Table xxx. Gencentrattons of various test substances used. 
No. of stock Substance Cone. m.g./c.c. 
solution. 
l ~-indole acetic acid p.2 
2 .. 
" 
.. tt 0.02 
a ff ft 
" " 
0.002 
4 benzoie acid 10.0 
5 phenyl•acetie acid l.O 
6 phenyl•propJionic aci4 10.0 
' 
phenyl-butyrie acid 10.0 
8 cis-einnamie acid l.O 
9 tre.ns-cinnemie acid 10.0 
10 vitamine Bl 0.01 
Both vitamine Bi and heteroauxin were obtained as pure crystals from 
Herek. The rest of the ckemicals were synthesized in the chemical 
laboratory of this insti twte. 
The stock solutions were separately sterilized, cooled, and added 
to the sterile media before the agar began to set. Each medium was 
then in~oculated with one e.e. of a dilute sterile solution of Chlorella. 
Each was throughly shaken to ensure a uniform distribution of cells. 
The whole operation was carefully carried out under aseptic conditions. 
Six cultures were used as controls and all the other cultures were 
made in duplicate. 
The culture dishes were then placed upside down on large pieces 
of filter paper which served as a white background. They were covered 
39. 
first with a transparent sheet of cellophane and then with a glass 
hood to protect them from contamination. The whole set was put 
under a Northern window. 
III. Results. 
The green color was first discernible about one week after the 
cultures were in;.oculated. The growth was comparatively slow on 
account of the prevailing low temperature during the experiments. 
After a period of 38 days the cultures were removed and studied. 
Since no satisfactorily quantitative method of measurement could be 
used here, they were compared on the gross appearance of the culture• 
i.e. the area and the thickness of the growth. As the control cul-
tures had the largest areas and the thinnest growth, all the other 
cultures could be easily compared with them. Their areas and thick-
nesses were rated in artificial units referring to the controls as 
unity. The product, area X thickness, was then used as an index of 
the extent or the growth. A substance was considered to have a stimu-
le.ting effect ( +) when A X T was greater than l, and an inhibiting (-) 
effect when A X T was less than 1. Small differences (less than 0.5) 
from the control were not counted. The results e.re summarized in 
table XXXI and photographs of the cultures are given in plates 1 - 3, 
1'igur6s A - E. (See next page for table XXXI.) 
Microscopical examinations were made ot"the cultures. It was 
found that the tllinnest cultures (controls) consisted of smell, widely 
scattered colonies, eech colony comprised 11f. a cluster of about 8 to 
128 cells; the thicker cultures (IIa) contained larger colonies of 
over 200 cells generally; and the thickest cultures (IIb• etc.) con-
Hetero 0..1.A.,.i"' 2 
Table XXXI. ~Auxin-lite subste.nces and growth of Chlorella vulgaris on agar 
media containing these substances. (Exper. 9, Feb. 6, 1937). 
~ 
. 
Culture Substance Cone. No. of Remarks on growth Activity 
No. tested mg./c.e. cult. characteristics. Chlorella Pea 
area thickness AxT 
I control 0 6 l l l 
II a heteroauxin 0.00001 2 i 3 1.5 ! 0 
b " 0.0001 2 l 4 4 + 0 
c " 0.001 2 l 4 4 + + 
d 
" 
0.01 2 t 4 l 0 + 
e 
" 
0.04 2 0 0 0 
-
+ 
III a benzeic e.iid o.os 2 -! 6 1.5 
' 
0 . 
b 
" 
0.1 2 l/6 4 0.'1 • 0 
c .. o.s 2 0 0 0 
-
0 
IV a phenyl-acetic o.oos 2 -! 
' 
l.5 ! + 
b " 0.01 2 J. 4 l 0 ..... 
c " 0.05 2 0 0 0 - + 
Va nhenvl-pro~rionic o.os 2 0-0.1 0-1 0-0.1 ... + 
' b ff 0.1 2 0 0 0 
- + 
c 
" 
o.s 2 0 0 0 .. + 
VI a phenyl-butyrie 0.05 2 -!· 3 o.s 
' 
0 . 
.. 
b 
" 
o.s 2 0-0.1 o-s o-o.s 
-
(l 
VIX a cis-einns.mic o.oos 2 l 2 2 + ·+ 
b " 0.01 2 1 l 1 0 + 
c " o.es 2 -1- 1 o.s - + 
VIII a trans-cinnamic o.os 2 ~ 5 l.S 
' 
0 
• 
b " o.s 1 0 0 0 - 0 
IX a vitamine Bi o.ooos 2 1/3 6 2 + 
b .. 0.001 2 1/3 5 l.'1 + 
c " o.oos l l/3 5 1.7 + 
te.ining closely packed clusters of over 1000 cells each. These 
facts are shown in plates 3 and 4, figures F to H. 
Before going into a discussion several things should be first 
mentioned. First, the observational error was much smaller than it 
might appear to be. The differences betwe@n the cultures (especially 
of series I, ][, end IX) were so striking that very much the same 
rating was given by several observers consulted. Second, the varia-
tion between the duplicate cultures was again very small se that it 
was possible to give one rating for them. So far only two exceptions 
were observed; these were the cultures Va and VIb where one culture 
of the duplicate gave a very small growth while the other culture 
failed to develop1'.completely. 
other possible sources of error may be cited: slight differences 
(l) in the amount of in/eeula, (2) in the osmotic concentration of the 
media due to the addition of the test solutions (O.l - 1.0 c.c. in the 
20 c.c.), e.nd (3) in light conditions due to differences in position. 
All these errors were small compared to that of observation and were 
therefore negligible. The possibility of infection was excluded here 
as it was found at the end of the experiment only one culture out of 
the fifty-two showed a faint sign of fungal growth (II8 ). 
IV. Conclusions and discussion. 
{l) Heteroauxin. 
Table XXXI and plate lA show that heter0auxin (beta-indole 
acetic aciu) is active in stimulating growth in very low concentrations 
(0.00001 - 0.0001 mg./ c.c.}. At higher concentrations (0.01 mg./c.c.) 
its stimulating effect disappear&d. and at still higher concentrations 
(0.04 mg./c.e.) it inhibitid growth completely. 
41. 
The optimum range of concentration was theretore lower than that 
found for cell enlargement in liquid cultures (0.001 - 0.02 mg./e.c.). 
This suggests that a different phase of gro'Wth, perhaps eell division, 
was mainly concerned here. This suggestion was borne out by microscopic 
examinations, which show that the cell clusters derived presumably frem 
single cells contained a larger number of cells in the auxin cultures 
than in the controls (plates 3 end 4, figures F to H). 
In the case of liquid cultures (Chapter I) the lowest auxin concen-
tration (culture 2, 0.001 mg./c.c.) compared with the controls always 
had the same or even a higher volume concentration. They had approxi-
mately the same number of cells per e.c. (Chapter I). A similar {or 
slightly better) effect was observed here. Also the highest coneentra-
tion of auxin produced the same effect in both liquid and solid media, 
i.e. complete inhibition of growth. It seems, therefore, that auxin 
has a dual etrect on Chlorella: in low concentrations it stimulates 
cell division, while in high concentrations it retards division but 
promotes the increase in volume of the cell. 
In the last two columns of table :XXXI the activity of hete:roauxin 
on Chlorella and in the pea test were compared. It can be seen that 
the optimum concentration for promoting Chlorella growth is lower than 
that for the pea test. In the latter ease, owing to the presence of 
cut surfaces, the destruction is probably high. A higher cencentratien 
of auxin (0.04 mg./e.c.), while producing no injury to the pea seedlings, 
is already inhibitory to Chlorella growth. This fact indicates that 
the optimal range of concentration for Chlorella is comparatively nar-
row, e.nd that care must be exercised in the choice of concentrations 
to be used (see next section). 
A recent paper by Leonie.n and Lilly (1937) is of inteJBSt. These 
authors cultured seven species of algae, including two Chlorella (C. 
-6 -s ' pyrenoidosa and c. viscosa), on dextrose agar plus 10 to 10 parts 
(0.001 - 0.01 mg./e.c.) of hetereauxin. There results showed that in 
the low concentrations the growth was the same in auxin and control 
cultures. but in the higher eoncentratione the growth was retarded by 
alllXin. While the concentration of auxin used by Leonian and Lilly 
was comparable to those in cultures II0 and IId of our experiments 
(table XXXI), their results were nearer to those of cultures II4 and 
II8 • This discrepancy was perhaps due to the difference in the sensi-
tivity to auxin of the different species or to a differenee in experi-
mental technique or the source and purity of the heteroauxin whiehthe; 
failed to mention. Unfortunately Leonian and Lilly did not use any 
lower concentrations of heteroauxin. This was probably the reason 
for their failure to obtain the stimulating effect. Indeed, the con-
centrations of heteroauxin they used appearf to be very low ~ ~he 
&rdilmry mi:Ad, yet it must be remembered that one-hundredth of their 
lowest concentration (0.00001 mg./e.c.) has been shown to be effective 
to promote growth in some plants (Avena). It seems rather hasty, there-
fore, for them to draw from limited data the conclusion on the general 
~ 
naLat"e of heteroauxin. 
(2) Auxin-like substances. 
The concentrations of the substances used in these experiments 
were chosen on the basis of their activities in the pea test. They 
were apparently too high for Ohlorella for the reasons given above. 
No definite conclusion can theref ere be drawn from these results. 
Only a few remarks can be made. At .higher concentrations all the 
substances were inhibitory. At lower concentrations slightly better 
growth was observed in eis-cinnamic acid, and less in phenyl-acetic 
acid, benzoic acid, and trans-einnamie acid. Inhibition was observed 
in phenyl-butyric acid and phenyl-prop(ionic acid. Recently Elliot 
(1936) reported e.n experiment on protozoa. He used heteroauxin and 
also ge.mma-3-indole butyric acid and beta-3•indole propfionic acid 
and found all the compounds stimulat8ttthe growth of the chlor0phylleus 
f erms of the protozoa. 
Noticeable increase in growth was observed in cultures containing 
crystalline vita.mine B1 (0.0005 - 0.005 mg./c.c.} (table XXXI, IX a 6b,-and 
c, end plate SE). J!icroseopic examination revealed that the increase 
in growth was probably due to an increase in cell division (plate 4H). 
The growth stimulating effect of vita.mines has been reported re-
cently for a number of plants, e.g. fungus (Sehopfer 1986) and the teot 
of higher plants (Bonner 193f). In algae Leonian (l93V) found no stimu-
lation. The concentration he used was high (10-5 parts or 0.01 mg./e.c.). 
The results were therefore not comparable with those presented here. 
V. Summary. 
(1) Chlorella vulgaris was grown in agar medium with the addition 
of heteroauxin, vita.mine B1 , end several other compounds chemi-
cally related to heteroauxin. 
(2) Heteroauxin was found to stimulate grewth at very low concen-
trations (0.0001 - 0.001 mg./c.c.) and inhibit growth at higher 
concentrations (0.04 mg./c.e.). The increase in growth was per-
haps due to an increase in cell division. 
(3) Vita.mine B1 was found to stimulate growth in low concentrations 
(0.0005 - o.oos mg./e.c.). 
(4) No definite conclusion can be drawn concerning the activi-
ties of the various auxin-like compounds because the ccneentra-
tien re.nges that were chosen were comparatively high. 
IV 
Diaphototropic llovement of the Leaves 
of Malva neglecta 
I. Introduction. 
The fact that the leaves of some plants orientei:br themselves 
perpendieuls.rly to the incident light has been known for e. long 
time. Among the first-who observed the phenomenon were Bonnet (1754) 
and Dutrochet (1133). Later it was stu.died by Frank (1870) who gave 
it the name "Tre.nsverse heliotropis•"• Frank thoughfthat light was 
the causative agent for the movement but de Vries believed that a 
variety of facters were responsible, e.1. geotropism, epinasty, end 
hyponasty and weight of the leaves. The question was settled in favor 
of Frank's hypothesis by the work of Darwin (1881) and VlSchting (1688). 
Darwin also proposed the name "Diaphototropism" which has since been 
in general use. 
In the beginning of the present century attention was directed 
to the question of the perception of light by leaves. Haberlandt (1905) 
founded the lens-action hypothesis whieh was later disproved by the 
work of Kniep. 
Diaphototropic movements ce.n be observed in the leaves of many 
plant8, chiefly Leguminosae and in flower heads (du Buy and Nuernbergk 
1932} such as the sunflower. They are often mentioned in connection 
with ecological considerations. The physiological side of the question 
has not been studied except by V8chting and Denecke (1924). As far as 
is known by the writer the movement has not been carefully analyzed 
and its mechanism remains obscure. 
In the present study the leaves of Malva neglecta were used. 
Beside exhibiting the daily diaphototropic movement, these leaves 
also showed a number of other movements such as epinasty, geotropism 
and phototropisms of the petiole and sometimes sleeping movements. 
To avoid confusion it seems necessary at the outset to define the 
die.phototropic _movement: it is the orientation of leaves in such a 
way that the upper faces er the laminae place themselves perpendicu-
lar to the incident light. In fact, the leaves are so seneitive that 
they, a.s described by Bonnet, "suivent en quelque sorte le cours du 
soleil: en sorta que le matin ces feuilles regardent le levant; vers 
le milieu <.tu jour, le midi; le soir, le couchant" (Vlehting 1888}. 
It is aimed in the present paper: (1) to determine the directive 
action of light, (2) to differentiate the organs of perception and 
reaction, e.nd (3) to discover the mechanism of the movement. 
II. Effect of light on the movement. 
A. Observations under normal light conditions. 
Young Malva plants grown in the field. were transplanted into 
the greenhouse. Two or four weeks arter transplantation, when the 
plant had three or four leaves, experiments were started. The move-
ments of the leaves were photographed with a Zeiss cinematographic 
camera which automatically me.de an exposure every six minutes for 
twenty tour hours. The film was then developed, projected, and the 
measurements were made. 
Figure 7 shows the results of such an experiment. The abscissa 
represents the time in hours starting from midnight. The ordinates 
give the degrees in angles that the leaf planes made with the hori-
zontal, the angle being zero when the leaf faced upward, :n.egative 
when it faced east and positive when.it faced west. The three curves 
4,.. 
give the movements of three leaves during the whole day. It is 
clear from the curves that during the night all the leaves raced 
east and remained in that position until dawn. As the sun rose 
they turned upward gradually reaching a horizontal position at 
noon. They then turned further toward the west with the sun and 
b4fl{\ 
after the sun had set, gradually turned so that they faced east 
1' 
before midnight. The straight line represents the change of the 
heur angle of the sun calculated on the basis that the sun moves 
158 an hour fr~m 6 am. to 6 pm. It is seen that the leaves orienk4 
"6t.cul themselves towards the sun, el.ways keeping their leaf blades 
perpendicular to the sun's rays. The oldest leaf (lowest curve) 
however was less sensitive. 
The fact that the leaves returned to face east in the night 
is particularly interesting. This phenomenon has never been report-
ed before although it appears quite important in understanding the 
mechanism of the whole movement. It can not be considered as a 
sleeping movement since it bears no relation to the insertion et 
the leaves and depends only upon the geographic directions. Thus 
b 
leaves joined to the stem on the east aide of the plant bend a~axially 
~ ~ ,ra_~;.W;{e, 1 ~ ~~ ~·~ 
and leaves on the north and south sidesturn sideways. 
,, 
The returning of the leaves after sunset is autonomous and inde-
pendent er external conditions. Several experiments have been made by 
turning the plants through 180° just before sun down so that the leaves 
were now facing east instead of west. After several hours it was ob-
served that the leaves, instead of staying where they were, had turned 
toward the west, i.e. their original moving position with respect to 
the plant. In other experiments the plants were turned 90° end the 
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same result was obtained. This character le,sted for several days 
before the ple.nt was "adapted" to its new direction of movement. 
A condition, however, has been round necessary for this returning 
movement: the plantj must have "morning light", i .• e. they must be 
placed in such a position as to receive direct light from the sun 
in the early morning. If this condition ~not satisfied, e.g. if 
the plants were grewn against an eastern wall where they could not 
get direct sunlight until noon, then in the night their leaves would 
not turn toward the east but drop down abaxially as in ordinary epi-
ne.stic movement • 
B. Observations in diffuse light. 
To find out whether sunlight has a directive influence on the 
movement a similar experiment was performed on a rainy day when the 
sky was overcast and the position of the sun could not be determined. 
The results are given in figure 8. Throughout the whole day the leaves 
remained in a more or less horizontal position. In the morning and in 
the night they turned slightly east. 
Experiments were also carried out with plants eaolosed in a tall 
cardboard screen, which allowed light to fall only from above. An 
electric light was sanetimes used to supplement the daylight intensity. 
Here again the leaves assumed a horizonte.l position. It is evident 
therefore the movement is not autonomous and is dependent on the direc-
tion of the incident light. 
c. Observations in darkness. 
Several experiments were done in an underground darkroom 
where the temperature and humidity were regulated at 24°c. and 85 % 
respectively. The movements were measured by means of a protractor 
e .. t intervals under an orange light • 
The results were not uniform, e,s the plants showed nutations 
end nastie movements. Few leaves, however, did show more or less 
periodical movements, but they were not diaphototropic orientations 
in the sense that they were not regularly in the east-west direction 
and that the curvatures were not limited to the upper end of the 
petioles. They were, therefore, comparable to sleeping movement. 
On account of the irregular and compound nature of these dark 
movements, they can not be easily analyzed. The same thing was 
r" 
observed by Denecke in his work. This chare.cter,!\i tic seems to be 
quite general in plants having variation joints. 
D. Observations under colored light. 
In several experiments carried out in the greenhouse, plants 
were placed under two Senebier jars filled respectively with solutions 
of Cuso4 and ~cr2o7 • For three consecutive days the plants were ex-
changed daily from the bell jars and the movements of the leaves were 
carefully followed. The results of one such experiment are shown in 
table XXXII. (See next page.) 
Except the first two leaves of plant l, which were dying and 
therefore did not move, all the leaves showed good movements in the 
white light and under the blue filter, but none under the red filter. 
The intensities under the two bell jars might be different, but since 
this does not constitute an important factor in this movement (V6chting 
lBBB) it is justifiable to conclude that the red light is inactive 
diaphototropically 
so. 
Table XXXII. Diaphototropic movements in colored light. 
Date ---- April 30 May 1 Uay 2 
Color --- Blue Red Blue 
Plant 1 -
leaf·l 
-
dropped off 
leaf 2 ? 
- -
leaf 3 + 
-
+ 
leaf 4 + ! + 
leaf 5 + 
-
+ 
leaf 6 + - +-
Color --- White Blue Red 
Plant 2 -
leaf 1 ~ + ! 
leaf 2 + + .. 
leaf 3 + +. .. 
III. Anal1sis of the movement. 
A. The organ of perception. 
To find out whether the lamina or the petiole is responsible 
for the perception of light, experiments were made as follows: Active 
leaves were chosen on several plants and their laminae or petioles 
(including the lruninar joints) were shaded from light by means of 
black paper, rubber tubing, or India int. Black paper was found to 
be the most satisfactory. The movements of these leaves were then 
observed for three consecutive days. The results as summarized in 
table XXXIII indicate that the laminae are the perceptive organs. 
She~ding of the petioles does not stop the movement. 
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Table XXXIII. Diaphototropic movements of leaves with petioles or 
lruninae shaded. 
Total no. of Uo. of leaves No. of leaves not 
leaves obs er. showing diaph. showing diaphoto. 
movement. movement. 
Controls _ ............ .-.. 12 ll 1 
-
Petiole shaded -- 11 10 l 
Lamina shaded --- 9 0 9 
Both petiole and 
lamina shaded --- 2 0 2 
~known ·n some plants that the center of the lea.f blade, 
i.e. the part just above the insertion of the petiole, is especially 
sensitive to light. This is, however, not true for Malva. In three 
experiments fifteen leaves were partially shaded either in the center 
or in the margin by means of black paper and India ink. All of them 
showed good movement. Therefore the whole blade is equally sensitive 
to light; as long as a part is exposed to light movement can be ob-
served. The same results had been obtained by Denecke (1924). 
B.. The organ of reaction. 
During the daily movement or the leaves the majority of the 
petioles remained straight and the angles they1 'made with the stem were 
constant. This fact is clearly shown by figure 9. The curves repre-
sent the variations of the angles between the stem and the petioles of 
three leaves whose movements were given in figure 7. 
!n several other experiments the petioles were marked into sections 
and the movements were photographed and measured. Figure 10 shows 
the results of sueh an experiment using artificial light. The curve 
Pi represents the rate of change of the angle between the lamina and 
I 
ii ~ !· 
j 
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the petiole, P2 the rate of change or curvature of the distal 5 mm. 
zone, P3 tha.t of the next 15 mm. zone, P4 the next 20 mm. zone, and 
Ps the last 20 mm. zone. It is evident from these curves that the 
upper 5 mm. section of the petiole which curved most is responsible 
for the movement. The next section curved very slightly and proba-
bly represents the phototropiem of the petiole itself. 
~ 
The active part of the petiole has been regarded"lls the laminar 
joint (Pfeffer 1903). It is thicker than the rest of the petiole and 
has a peculiar anatomical structure in having only one central vascular 
bundle, while the petiole has six or seven strands arranged on the 
Jleriphery. The change in the structure is gradual. At five to six 
millimeters below the lamina the petiola.r bundles begin to fuse into 
a hollow ring. The central. pith is then gradually eliminated until 
at about 2 mm. from the lamina it disappears, resulting in a single 
solid bundle. On entering the 18.mine. the bundle first becomes horse-
shoe shaped end separates into seven strands which emerge into the 
main veins of the lamina. A joint having a central bundle surrounded 
by parenchyma is, teleologically speaking, very well adapted to the 
movement. Serial sections were made from this part of the petiole 
and are shown in figure 11. 'rhe structure of the variation joint 
has been studied by V8chting (1888) and Pfeffer (1903). 
IV. The mechanism of the movement. 
A. Relation to growth. 
The next phase of the problem that was undertaken was to 
find out whether the curvature movement is a result of growth or a 
variation in turgor. Experimental evidences indicate that this is 
not a growth.movement, because: 
sa. 
(l) There is no relation between the grand period of growth 
and the activity of the diaphototropic movement. Very young leaves 
do not show this movement despite the rapid growth of their petioles. 
The nearly mature leaves show the most active movement. Hature 
leaves, which practically cease to grow, still show distinct movement 
fGr several days before they are shed (table XXXIV). 
Table XXXIV. 'Movement after cessation of growth. 
Leaf number Date of cessation of Days ot movement 
growth movement after growth ceased. 
jJ~ 2. .,.,,..,._. __ l S,19 3,24 5 
2 s,22 3,24 2 
3 8,BO 4,l 2 
4 3,31 4,2 2 
g~s. 
-------
1 S,18 3,22 4 
2 3,19 s,22 3 
3 3,20 3,24 4 
4 3,31 4,1 2 
5 3.31 4.2 3 
6 3,30 4,2 3 
(2} There is also no relation between the growing zones and the 
~·· 
movement zones. We have seen that the curvature takes place only in 
the laminar joint, but the zone of rapid growth is always below the 
Lrwe-Y joint; in young leaves it is in the lleeei. part and it moves upward 
as the leaves grow older but never reaches the jojnt (figure 12). 
B. Extension and contraction of the moving laminar joint. 
To verify that the movement ie not due to growth, the varia-
tions in the lengths of the two sides and the median line of the j oJnt 
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were measured during the movement. The measurements were made by 
means of a micrometer. The joint was about 4 mm. long, the accuracy 
of the measurements being within o.5 micrometer divisions (l/30 mm.). 
The results are shown in figure 13. While the length of the 
east side of the joint (upper curve) increased steadily from morning 
until 4 pm., the west side {lower curve) contracted proportionally, 
and consequently the joint curved toward the west. After sunset the 
phenomenon was reversed, both sides quickly regaining their original 
lengths, end the leaf faced east again. During the whole movement 
the length of the middle line of the joint remained unchanged. Lt 
is evident, therefore, that the curvature is not due to a differential 
growth, but to the reversible expansion and contraction of the two 
sides of the joint (Pfeffer 1903}. 
c. Osmotic relations in the joint. 
To get a complete picture of the turgor relations between the 
two sides of the joint, it would be necessary to determine both the 
suction force and the osmotic pressure of the cells (Weidlieh 1930). 
Both determinations, however, were found to be unsatisfactory and 
not accurate enough for this purpose. Therefore only the osmotic 
pressure at incipient plasmolysis (Og} was measured. The plasmo-
lytic method of Hefler (Brauner 1932) was used instead of the ordi-
nary method of determining Og beca~se the cells were colorless and 
thus the plasmolytic condition could only be ascertained in its ad-
vanced stage (Ernest 1935). Each experiment consisted of several 
determinations of 08 at different times of the day. The same plant 
was used in one experiment and one joint was used for each determination. 
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The joint was sectioned and placed in sucrose solutions previously 
round to be isotonic or slightly hypertonic by the method of cell 
counting. A group of ten plasmolyzed cells in the cortex was drawn 
with the aid of a camera lucida. The area of the protoplast (Ap) 
and that exclosed by the cell wall (A ) were measured with a ple.nimeter. 
e 
The value of Og was then calculated by means of the expression: 
3/2 
O=M_1 .. ·=u(~) 
g Ve Ac 
These values were transformed into atmospheres according to the table 
given by Molz (1926). The results of two experiments are given below: 
Table xxxv. Osmotic pressure at incipient plasmolysis. 
Sucrose! A/Ac I v,/Vc ! MV/Vcl a~I. ~8ff i WAJt ai da I ! ''~•mj. ! r ! Tim• S~rose'J../\Vp/v0 !MVp/V0 a~I. I li!~at I fll-l 1'1A l 
Exper. l. Greenhouse plant. 
I 
9 :45 A.I 0.90 ,, O.S72 o.s1410.'73S 22.s a.es !' o.aso 1 o.s26 1 o. '102 ( 21.6 1.2 { 
i ~ ! 1 l I I 
12:00 N.: 0.90 ., 0.860 0.79810.718 22.2 o.ss I 0.845 i 0.777 \ 0.661 I 20.0 2.2 
i ' 
'-.-.-...... 
3:00 P.( 0.95 i 0.921,0.884.0.840 27.2 0.90 : 0.893 o.a44 ; 0.760 23.8 3.i 
i ; l 
0.900 ! 1 0.811 
i 
6 :00 p.; 0.95 ! 0.862!0.801 0.761 23.8 0.95 0.854 : 26.0 -2.2 
--r-- -r-=;;;a 
I I ij 
9:00 P.' 0.85: 0.898:0.851!0.724 22.s o.as . 0.880 j 0.826 i 0.702 i 21.ol o.9 
; I ~ I 
ll:l5 p., o.go ~ o.e73;0.s1610.734 i 0.871 i O.SlS i i' 22.9 0.90 l 0.732 I 22.8 0.1 
Ex.per. 2. Field plant. : ! 
9:30 ~.~0.95"':' 0.78910.'10110.666 \ 0.65'7 ! 20.2 0.85 I 0.842 0.'773 19.9' o.a 
! ! l 
' 
i 
1:30 P. i o.ao 1 o.a4oi o.7'10 ;, o.616 18.a o.so , o.740 0.63'1 i o.sog : 14.6 .,b.! 
I i ! 
6 :00 P.; 0.80 '. 0.845:: 0.7'77 i 0.622 18.6 a.so '. 0.893 i 0.844 '.0.676 20.6 -2.0 
~ i 
! 
10:30 P. i 0.85 , 0.860i 0.798; 0.678 20.6 o.as i 0.847 i o. 780 i 0.683 20.1 0.5 
tt Concentration too high, cells reached "Ball" s'tage of plasmolysis. 
Since here we are dealing with only the undifferentiated, thin-
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walled cortical cells in the close vicinity of vascular t~ssue, it 
seems reasonable to consider that the suction f oree is the same in 
the two aides and that the o1 is the primary factor determining the 
turgor pressure of the cell. If this is true, the mechanism of the 
movement becomes explicable. It can be seen from table XXXV that 
during the day the Og of the cells in the east side of the joint was 
always higher than that in the west side, and cause~ the joint to 
curve towrd the west. At sunset the diff erenee in o1 was reversed 
and so was the returning movement. Finally at night the o1 •s were 
equal and the movement stopped. 
Perhaps some idea as to the nature of the osmotic changes can be 
obtained if the values of 0 at different times of the day are com-g 
VI~ 
pared. At midnight the o1 of the two sides k the same. In the morn-
ing, while the o1 in the east side remained constant, it decreased 
in the west side, indicating a loss in osmotically active substance. 
In the afternoon the 0 increased in both sides, the increase being g 
more at first in the east side and then in the west side. In the 
night the Og dropped off again. 
v. Conclusions and discussion. 
In the first part of the investigation it has been shown that light 
is the causative factor for the diaphototropic movement of the leaves 
of Malva. These results confirm the hypothesis proposed by Franck (1870} 
and experimentally established by Darwin (1881) and V8chting (1888). 
By the use of a clinostat these authors proved that geotropism, epi-
nasty, etc. have nothing to do with the movement and light alone is 
important. The present investigation further shows the direction of 
the light that is essential for the orientation. 
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For the perception of light the leaf blade is responsible. 
In this respect Malva is comparable with such plants as Tropaeolum 
s 
(Denecke 1924) and unlike Fuehiia and Phaseolus (Pfeffer 1903). 
t 
No attempt has been made to study the mechanism of perception as 
the knowledge in this field is far too scanty. The only theories 
known are those of Haberlandt (1905) and Wager (1909). Since both 
of them have been found to be unsatisfactery they will not be dis-
cussed here. 
The mechanism of the reaction is of particular interest to us. 
Both V8chting and the present paper showed that the laminar joint 
is alone concerned in the movement. The bending of the joint during 
movement is not due to growth because, while one side extend~ the 
other side contracts. It is due to a reversible change in turgor 
on the two sides as shown by osmotic pressure measurements. The 
change in osmotic pressure may be due to either a change in perm.ea-
bility of the protoplasm or the formation and precipitation of the 
· osmotieally active substances (e.g. starch~ sugar). The permea-
bility change is probably the cause of the quick movementsi e.g. in 
Mimosa (Pfeffer 1903} and in Sparmannia (Binning 1930); the anatenosis 
and precipitation of the osmotic substances are probably mainly res-
" 
ponsible for the slow movement, such as we have here in Jl.e.lva. 
Recent work on the mechanism of l~ movements has been chiefly 
done on Phaseolus. The primary leaves of this plant exhibit both 
photonastic and sleeping movements. Unlike Malva the laminar joints 
of Phaseolus are found to be dorsoventrally dissimilar (Vleidlich 1930, 
Brauner 1932). The osmotic changes during the nyitinastie move-
ment have been studied by Weidlich (1930) who found that the movement 
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is due to the alternate increases and decreases of osmotically 
active substances in the upper and lower sides of the joint. 
These results are therefore comparable to that those we have 
found in Malva. Later work by Bre.uner (1932) and. Btlnning (1935), 
however, inclined them to explsin such changes on the basis of 
changes in the water permeability. Thus Brauner believed that 
the photonastic movement is due to the increase in permeability 
of the upper side of the joint and J!iining considers that the nyeti-
nastic movement is caused by the diftrencee in the permeability on 
the two sides of the joint. Since no conclusive data have ever 
been presented, the ~ermeability hypothesis ean not be regarded as 
established. No meffeion has been made in this discussion about 
the ele.aticity of the cell wall, e.lthough it has been suggested 
that the change in wall elasticity may play a role in turgor move-
ments (Zollikofer 1935). 
As to how the stimulus is conducted from the lamina that per-
ceives the light to the joint which gives the reaction, nothing is 
as yet known. That the conduction is through the veins has been 
shown by Denecke (1926). In our experiments with artificial light 
we found the reaction time was long (more than half an hour). This 
suggests that the rate or conduction is rather low. In this respect 
it differs from the seismonastic turgor movements of Mimosa or Spar-
mannia, the reaction time of which is a matter or a few seconds. 
Perhaps the conduction here is of a chemical nature comparable to 
the slow conduction of llimosa (Fitting 1930) or in floral stalks 
(auxin, Zollikofer 1935). 
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VI". Summary. 
(1) The daily diaphototropic orientation of the leaves of Malva 
neglecta was studied with the aid of a motion picture camera. 
'!'he lee.Tes were touru:lte t:ollow closely the coarse of th• sun, 
with their faces always perpendicular to the incident rays. 
After sunset they turned back to their original position (facing 
east). 
f 2) No such orientations of leaves have been found in evenly 
diffused light and in continuous darkness. The direction of the 
ineid-ent light is therefore important. 
(3) Plants kept under red light showed no diaphototropic movement, 
but they showed such a movement under blue light. 
(4) Leaf-laminae were found to be the organs of perception for .tiie-
light. 
(5) Diaphotetropic movement {curvature) has been found to be 
limited to the upper 4 or 5 mm. of the petiole. This part (lami.-
nar joint) possesses different properties (structural) than the 
rest of the petiole. It has a central bundle instead of several 
peripheral ones. 
( 6) '!'he curvature is not- due to growth because: 
a. no re#lation exists between gre.nd period of growth and 
movement activity. 
b. no rele.tion enat& between the growing zones and the 
movable part (laminar joint}• 
{7) The curvature has been found to be !he result of extension 
and contraction of the two sides of the joint. These changes 
in length are completely reversible and therefore do not 
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result in growth. 
(8)" By measuring the osmotic pressure {Og) of the cells at 
different times of the day, it can be shown that the move-
ment is due to a difference in turgor between.the two sides 
of the joint. 
(9) The results v1ere discussed in connection with the literature 
on turgor movements. 
v 
Hyctinastic Movement of Leaves 
of Carica papaya 
x. Introduction. 
Nyctinastic or sleeping movement of the lee.ves and flowers of 
plants constitutes one of the oldest problems in botany. It was 
first observed in some plant by Pliny {23 - '9 A.D.) and then by 
Albertus l~agnus ( 1200 - 1280). The common occurrence ef these move-
ments in plants was shown by Linnaeus. Subsequent researches were 
mainly concerned with the nature of the mechanism of the movement. 
A.P. de Candolle we.a able at first to shift the normal course of 
flower movement by the use of artificial light, which lead him to 
believe the movement was pare.tonic. Later, however, he failed to 
obtain the same results in other plants and accordingly changed his 
rlit11. 
view so that he~ believed the movement was autonomic in nature. 
The later view of de Candolle was adopted by Dutrechet, Sachs, end 
Hofmeister. Sachs said "Die periodische Bewegungen an sich ist un-
abhangig von dem Wechsel der Beleuohtung, aber die periodische Be-
wegung in dem ZeitmeJ,s wie sie unter gew8hnlichen Verhlltnissen aut-
tritt wird durch den Lichtreiz bestimmt" (Stoppel 1910). Tbe concep-
tioa of sleeping movement prevailed for several years until Pfeffer 
(1875), who did the most extensive work on the subject, concluded 
that the movement was n direct after-effect of the normal alternation 
of external conditions and the.t autonomic periodicity, if it existed, 
was of secondary importance. Le,ter, pa.rtially through the influence 
of Semon, Pfeffer (1907 - 1915) reinvestigated the question and modi-
fied his view to one that was somewhat similar to that of Sachs. 
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Pfeffer considered that, while in some plants {flower of' Tul~ipa) 
the movement was caused by external variations, in others (Phaseolus) 
it was a combination of an autonomic periodicity and a paratonic 
reaction to the daily variation of environment. After Pfeffer the 
question was continued by Stoppel (1910 - 1933), BraunerL(l926), end 
Cremer (1923) who attached more importance to the external conditions 
and Kleinhoonte (1929), Schmitz (1934), and Btlnning (1932) who be-
lieved in the existence of a "tagesautonomer" periodicity. The question 
up to the present is still unsolved. 
Parallel with the study on the nature or cause of the periodicity 
numerous investigations were done on the mechanism of the movement. 
The first important work was done by Ptef fer who showed by microecopi-
cal measurement that in "jointless" leaves the movement wa.s due to the 
unequal grovJth of the two sides of the petiole, while in the leaves 
with movable joints the movement was a result of turgor change. Later 
work extended these results to a number of different plants. Thus in 
most Oxalidaceae end Leguminosae, e.g. Phaseolus, the movement was 
definitely shown to be due to the difference in turgor on the two 
sides of the joint (Bttnning 1934, Weidlich 19BO, and Brauner 1932). 
In Coleus the movement was round to be a result of differenyial growth 
~Jx 
of the petiole ( Sali~ 1934). And finally in some tropical plants 
the movement could be resolved into two components, one due to turgor 
and the other to growth (Metzner 1934). 
Various teleological suggestions were given as to the possible 
biological significance of the sleeping movements. At first they were 
compared to the fatigue reaction in animals, a contention removed by 
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Jost. Protection from cold or frost by reduction of the exposed 
surface was suggested by Darv1in (1881), end a reduction of trans-
piration was suggested by Stahl (Pfeffer 1903). Speculations of 
this nature were, however, outside the scope of the present in-
vestigation. 
Sleeping movements are known in a large number of plants 
belonging to various families, e.g. Amarantaeeae, Balaaminaceae, 
Solanaceae, Leguminosae, Oxalidaceae, Mara.ntaceae, etc (Kostychew 
and Went 1931). In the present investigation a species of Cari-
caeeae ( Carica papaya) was used. The purpose was to find out the 
nature and the mechanism of the sleeping movement in this form and 
compare them with the results obtained with ether plants in the 
literature. 
II. Materis1 and method. 
Papaya plants {Garica papaya) of a pure strain, kindly supplied 
by Dr. Marshall of La Jolla, were used throughout. The seeds were 
germinated in sand, transplanted into flewer pots and fed daily with 
nutrient solution of the following composition: 
Ca(N03) 2 0.00 5 t-'1 
MgS04 o.o 0 5 M 
~P04 0. 0 0 3 r1 
Fe2(C4H406} ·~o 1Y~ 
HCl ~.8 x /0~ !vi 
~o Jooo c.c. 
Experiments were made with plants when they were about six to 
ten inches high. 
In the first few experiments the movement of the leaves was 
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followed by measuring the angle between the leaf lamina' and the 
petiole with a protractor. Later a self-recording device of Pfeffer 
(1915) and Kleinhoonte (1932), with suitable modifications, WtlS used. 
a,,n .£~~(.. ~ ~ 
The apparatus consisted of" a rotating drum matmte4 en air oleetric 
vfi~l. , ~ made approximately one revolutionlin one week. A glass 
capillary filled with glycerine ink was used as a stylus. It was 
fastened to the mid-rib of the leaf with silk thread over a pulley. 
0V""~-.l. 
This method has the advar1tages over the lever stylus Ble~kldi er t-fte 
smoked paper method in that it goes vertically up and down, instead 
of describing an arc, and that several records can be made simultaneous-
ly on the ea.me drum by using different colors of ink. 
To check the results obtained on the kymograph the movement of 
~ J..uw-eo ~ 
oae leaf -.:was recorded by means of a cinematographic camera, which 
automatically made one exposure every fiitetln minutes. The results 
are plotted in the figure. \ S-
III. The normal course of the movement. 
The course of the diurnal movement of lettves under normal eon-
ditions in the green house was recorded. The results are given in 
figurel4 in which the peaks of the eurve represent the day position 
and the valleys the night position of the leaves. (Plate V~ and VB). 
A cinematographic record has also been made. It is found in 
figure 15. 
Several facts were observed in these figures: (1) The period of 
the movement was constantly 24 hours in all experiments. The leaves 
gradually rose from the night position at or before midnight and 
attained the day position in the morning. In the evening they dropped 
rather quickly and reached the night position in less than three 
hours. The rising of the leaves befere midnight indicated that 
the movement was not a result of the variation in illumination. 
(2) The amplitude of movement was, on the other hand, variable. 
It was different for leaves of different ages (Chapter VI) and 
under different external conditions. Figures 14, experiment 1 
serves to illustrate this point. The movement had a smaller am-
plitude in rainy and cloudy days. A similar decrease was observed 
in the winter. In extreme eases the plant ceased to move at all. 
The decreased activity was probably due to a lower rate of growth 
(Chapter VI}. (3) In some leaves a slight drooping reaction was 
observed at noon (figure 14, leaf 11 - 22). Similar phenomena had 
been observed in other plants, e.g. Oxalis, Mimosa, especially in 
the tropics (Ewart 1894). Such movements commonly called "midday 
sleep'' are probably due to the high light intensity at noon. 
IV. Movement under constant illumination. 
To find out whether the movement ~ induced by the normal al-
ternation of day and night, observations were made on plants in a 
constant light and constant darkness. 
A. Leaves grwwn in the green house. 
For the light experiments plant$ were brought from the green 
house to 8l'l underground room and constantly illuminated with 200 watt 
incandescent lights. The room temperature was fairly constant at 
23 - 2s0c. Several experiments were made in which the movement was 
either recorded automatically or followed with a protractor. The 
results (figures 16 and 11) show that: (l) In general the leaves 
remained active several days after being brought under constant light. 
Individual leaves differed in this respect (Kleinhoonte '1932). 
Less active leaves usually showed movement for three to six days 
(experiment S), but the most active leaf (experiment 2 not shown) 
continued to move regularly for more than fenty days. The final 
cessation of movement in this case was due to the stoppage of the 
growth. It is difficult to say whether the movement should be con-
sidered as autonomous or as an after-effect {Nachwirkung} of the 
environment (Pfeffer 1907). (2) The period of the movement was ap-
proximately twenty four hours. In some the period was slightly longer. 
This resulted in the day and night positions being shifted after a 
period of time so that they did not coincide with the actual day and 
night. (Figure 16 shows this.) (S) The amplitude of the movement 
was always smaller than that under normal conditions, e.lthough in the 
most active leaves the amplitude was as large as the normal in the 
first two or three days under constant illumination (figure 16). The 
decrease in amplitude was due to a decreasa:ltendency of the leaves t@ 
sleep. They then remained more or leas in the horizontal position. 
(4) When the leaves were brought back to the green house they quickly 
resumed their active movement. The amplitude increased due to the 
more pronounced sleeping reactions (figure 16). 
B. Leaves grown in constant illumination. 
Observations were also made on leaves that developed from buds 
under constant light {figure lB} and no distinct periodical movement 
could be noticed. When these leaves were brought into the green house 
the sleeping action at once appeared. This indicates that the diurnal 
alternation of external conditions, e.g. light, temperature, etc., acts 
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aa a stimulus to the leaf movement, although it is perhaps not 
the sole cause of the periodicity (section VI). 
It is well to mention that papaya leaves are also found to 
be diaphototropically sensitive. The leaves that had been grown 
in constant illumination, or had been there a sufficient length 
of time, arranged themselves perpendicularly te the indidaent 
radiation (Chapter IV). This phenomenon will not be inc~d in 
the present investigation. 
v. Movement in darkness. 
Plants which showed active movement in the green house were 
brought into the darkroom, the temperature of which was regulated 
at 24°c. and the humidity at 80 fa. They were kept in complete dark-
ness, except at the time of watering when they received orange light 
for two or three minutes (marked by arrows in figure 19). Since the 
leaves when brought into darkness showed strong epinastic curvature 
at the base of the petiole, the lower part of the petiole was fastened 
to a ~lass rod. This procedure did not interfere with the normal 
f ~ 
sleeping movement which was limited to the upper end of the petiole. 
The results (figure 19, experiments 12 and 13) show: (l) That 
the leaves retained their activity in the darkness for six,, to snen 
days. An examination of these leaves showed that, after the movement 
stopped, the leaves were etliated and !equently abscissed. The loss 
ef actbd.ty was therefore due to the death of the leaves. Such move-
ments are perhaps not an after-effect of the environment. (2) The 
period of the dark movement was in general shorter than the normal. 
It was around twenty one hours instead of twenty four (figure 19). 
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Similar results were found in Phaseolus by Bttnning (1932) who 
suggested the rise in temperature as the cause of the accelerated 
movement. (3) The amplitude of the movement was comparable to the 
normal at first but decreased someijwat after several days. ( 4) The 
L.,_,r" 
small exposure to orange light had no influence on the movement. 
It can be seen from the curves that these light periods had no re-
lation with the subsequent rising or lowering movement of the leaves. 
And in one experiment two leaves which were left in complete darkness 
for three days showed no deerease in activity {figure 19, experiment 
12). It seems unlikely that the movement was stimulated by the small 
exposure to light (Bttnning). (5) Apparently no relation existed be-
tween the movement and the time at which the plants were brought into 
the darkness, i.e. the rising or sinking reactions were not shifted 
if the plants were darkened at noon or at night (experiment 3 not 
shown). In this respect the movement of papaya differed from that 
of the primary leaves of Canavalia. It we.a found that in the latter 
case the course of the movement was shifted according to the time at 
which the plants were brought into darkness (10.einhoonte 1932). 
VI. Experiments on the clinostat. 
In several experiments the plants were mounted on a c~inostat 
which turned slowly around a horizontal axis. Under this condition 
the leaves did not show the normal sleeping movement but gave strong 
epinastic curvature at the base of the petioles. Similar phenomena 
have been observed in Phaseolus, Canavalia (Kostychew and Went 1931) 
and Coleus (Schmitz 1934). These curvatures are not related to the 
normal nyctinastic movements and therefore will not be discussed in 
detail. 
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VII. Discussion on the nature of the movement. 
The question, whether the sleeping movement of papaya is 
autonomous or ai.tiogenic can not be easily answered. A dilemma 
has existed between these two terms since the time of de Candolle. 
No clarification has as yet been found after ~centur~~ ot research. 
As Stoppel had plainly remarked, we are at present not much further 
in our knowledge of the nature of this movement than we were in the 
year 1759 (Bttnning 1932). 
According to Pfaff er, autonomic movement is that "bei voller 
;"'ft: f, I y~ 
Konstanz der Ausseverhlltnisse dureh ein selbstregul~s 
~ 
Walten vere.nl~st und dirigiert werden" (Pfeffer 190'1 and page 401.). 
As long as all the external factors and the internal regulatory meoh-
anism are not completely known, it seems to the writer impossible to 
assign te any movement~autonomje, e.ocording to this definition. Be-
be. 
ca.use, n.o matter how many factors are known and brought under control, 
/I 
there will always be the possibility of some uncontrollable factor, 
e.g. atmospheraic conditions (electricity) (Stoppel 1920, 1933) er 
·~'°"('~ 
an imaginary factor deeigmiblc ~ X ('-~ 1926) • 
Another thing that adds confusion to the problem is the after-
effect (Naehwirkung) (Pfeffer 1903) of the environment. Ac~ording 
to this view the movements of leaves under constant coddi~ione is 
.. 11 ... 
due to the cumulative effect of the normal daily alte~ation between 
light a?td dark to which the plants are subjected previously. ~~ome«. 
-- -- ~-~_,.,.,.----------~~-~----~- ~- ~~-~-~--------- -- --------------~-- // /',.-- ' 
,/plants J£lli--c11 only .. show movem~~·Lfor one. 05~_.two days }tfter being bfoug~~ 
\ (/ .... ,,..... ~ ~-·· . ..,.-/· .. ------
. illt~--~~~~~tf~i_~_Qnd!:~!'~~-_!~~--!3-!_~-~~':'!_!_!~~~--~-~-~--P~!'_hape _ -~~--~~-!~~~l~ Here 
it seems difficult to define a limit to this after-effect, i.e. one may 
regard the movements that last for one or two days as due to the 
after-ef feet or may as well regard movements of seven or eight days 
(which is already the whole lifetime of some leaves) as due to the 
after-effect. The only criterion that can be used then is the in-
heratibility of such movement, but experiments of this nature are 
not always ee"sily done with any plant and the results a.re not al-
ways convincing {Semon 1908). Another objection to this after-effect 
seems to be reasonable. Pfeffer compared the building up of the res-
ponse to the oacill.ation of a pendulum induced by a series of rhyth-
mice.lly repeated impulses. !f this is true we would expect the move-
ment to build itself up gradually when an inactive plant is brought 
to the rhythmic alternation or illmr..ination. This, however, is not 
the case as we huve shown (section IV) for as soon e,s the i.nactive 
plant is moved to the green house the movement starts immediately 
and has the same amplitude as the normal movement. 
Bttnning in his work on Phaseolus (1932) has given another cri-
terion or interpretation of autonomous movement. He considers the 
movement imtonomous when "Die eriodizit!t wird nicht dureh einen 
e.ttseeuen Faktor mit tagesperiodischer Schwankung verursaeht". !n 
this way he showed the autonomous nature of the movements pf the 
primary leaves of Phaseolua because the period of the movement was 
not always twenty four hours in the darkroom at a slightly higher 
temperature, e.nd in fact could be varied with the temperature. Since 
we have shown the.t papaya lea.ves have a period of leas the.n twenty-
four hours in the darkroom at 24°c. (section V) 3 we. can on the se,me 
grounds regard this movement as autonomic in nature, wheree.s accord-
ing to P!effer the mo~ent would perhaps be considered as aitiogenic 
I\ 
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and the movements under co11stant illumine.tion or darkne,ss as the 
simple expressione of the after-effect. 
Three recent works on autonomic movement of leaves were found 
in the lite:ratttre. BUm1ing (1932) proved the autonond.c nature of 
nyctinastic movement of the primary leaves of Phaseolus and (1932) 
also showed that the periodicity was heritable. Kleinhoonte (1932.) 
found the same conditions in the leaf movements of Canavalia. Fin-
ally Schmitz (1934), with similar methods, found that while the 
twenty four hour periodicity of the movement of the leaves of Coleus 
wssautonomic, the time of the rising and drooping of the leaves de-
pended upon Etn unknown "Steuerungsf aktor", e. contention resembling 
that of Sacha. Schmitz's work is of special interest to us because 
in Coleus, just as in papaya, the movement is due to differential 
growth (Chapter VI). 
VIII. Summary. 
(1) A short historical sketch of the study on the nyctinastie 
movement is given. 
(2) The method of imtomat1ie recording of leaf movements ia 
described. 
( 3) The normal nyctinastic movement of papaya leaves has a period 
of El.bout twenty four hours. The leaves rise at about midnight and 
reach the horizontal position in the morning. They dropp in the 
evening and become vertice.l at night. 
(4) The amplitude of the movement depends on external conditions. 
Some leaves show midday sleep at high noon. 
(5) In constant light the movement persists for three to six or 
even to twenty days. The period of the movement remains twenty four 
72. 
hours but the amplitude is always smaller. 
(6) Leaves grown in constant illumination do not show periodic 
movement, but as soon as they are brought into the normal daily 
alternation of illumination the movement commences. 
(7) The movement continues in the dark. The period is approxi-
mately -f"enty one instead of twenty four hours, perhaps due to 
the higher temperature of the darkroom. 
(8) The question of autonomic or aitiogenic periodicity of leaf 
movement is discussed. The conclusion ia reached that the nycti-
nastic movement of Papaya nogleete leaves is of an autonomic 
nature. 
VI 
Nyctinastic Movement of Leaves 
or Garica papaya 
l~eche.nism of 1!ovement 
I. Relation of growth to movement. 
It has been said in the foregoing chapter that nyctinastic 
movements in plants are either brought about by the turgor ehanges 
in, er the unequal growth of, the two sides of the petiole (Pfeffer 
1903). To find out which of these mechanisms is responsible for 
the nyetinastic movement in papaya, experiments have been made 
along three lines: 
(l) By studying the movement of lee.ves of different ages.~ •• 
leaves of different growth rates. 
(2) By comparing the location of the movement with the growing 
zones of the petiole. 
(3) By direct measurement of the changes in length of the two 
aides (abax.ial and ade..xie.l} of the petiole during the move-
ment. 
A. Movement of leaves of different ages. 
Observations were ma.de on the movements of all the leaves 
of a single plant. The leaves were numbered according to the order 
of their emergence from the buds. The smallest number therefore rep-
resented the oldest leaf and the largest riumber the youngest leaf. 
The age diff erenee between two consecutive leaves was about a week. 
The results are plotted in figure 20 and for convenience only the 
alternat~- leaves are given. The figures show clearly that the 
'14. 
eldest leaf (No. 7) was inactive, the youngest leaf was fairly active, 
and the leaves intermediate between these ages were the most active 
in nyctinastic movement. 
cuu_. 
In figure 21 the growth curves of the petioles of two leaves !.a 
given. The curves were not extrapolated to the origin because the 
definite time of the emergence of the leaves could not be easily 
ascertained. It is seen from the curves that the petioles showel a 
distinct grand period of growth from approximately the time they 
emerged until they were five or six weeks old. After that they 
ceased to grow and somewhat later abscissed. 
A comparison of figure 20 and figure 21 shows that there is a 
close parallelism between the activity of moitient and the activity 
{\ 
of growth of the leaves. The rapidly growing leaves showed the 
most active movement 1 while the mature and non-grewing leaves had 
~~ to move. This fact gives the first evidence that the move-
ment is caused by growth (compare Malva, Chapter IV)• 
B. Localization of movement in the growing zones. 
It has been observed that the nyetinastic movement, i .• e. 
curvature, is confined to the upper third, or fourth, cf the petiole 
(Chapter V, plate V). .! It remains to find out whether this bears any 
relation to the growing zone of the petiole. The petioles were 
marked into one or two millimeter sections with India ink and the 
growth of these sections we.s measured weekly with a pair of ce.lipers. 
The results a.re shown in figure 22. It is seen that at the very young 
stage the whole length of the petiole grew. Later two growing sones 
appeared and gradually moved toward the two ends of the petiole, the 
one at the laminar end being more active than the one at the stem 
end. Careful observation revealed that the movement zone coincides 
with the laminar growing zone of the petiole. This gives a second 
evidence for the gro'Vff'th mechanism of this movement. 
The growing zone at the stem end of the petiole is not concerned 
in the nyctinastic movement as the lower part of the petiole remains 
statienary during the diurnal movement. \\'hen the plants are brought 
into darkness, or on a horizonte..l clinostat, this lower zone is stimu-
lated and gives rise to a pronounced epinastic curvature. 
c. Differential growth of the two sides of the petiole. 
Final proof of the growth nature of the nyctinastie movement 
was obtained by direct measurement of the lengths of the upper (ad-
axial) and the lower (abaxial) sides of the petiole during movement. 
For this purpose the distal third of the petiole was marked into sec-
tions on both sides and measurements were made with the aid of a hori-
zontal microscope at different times or the day. The results are 
given in table XXXVI and plotted in figure 23. 
It is seen (figure 23, curves A and B) that the upper (adaxial) 
side of the petiole grew only during the later part of the day (from 
noon to midnight) and did not grow at all in the earlier half of the 
day (from midnight until noon). The reverse was true of the lower 
{abaxial} side, but to a less marked degree, i.e. the grewth slowed 
down in the afternoon and evening, but never completely stopped. 
If the diff erenees in lengths of the two sides of the petiole 
at different times of the day is plotted against time, a curve is 
obtained (figure 23, curve C) which is almost exactly superimposable 
Table XXXVI. Differential growth of the upper and lower sides of petiole. 
Time I Lengths in mm. 
~ upper lower upper minus 
aide side lower 
4/l ..l. 2 24.11 22.79 1.33 
..:~ .... _~ 
12 24.08 24.0l i 0.0'1 
18 24.45 24.25 0.20 
! 
4/2 0 24.71 24·.a5 o.ss 
9t 24.72 24.Slf3 -0.01 
14 24.99 24.88 i 0.11 
rri- 25.39 25.02 0.37 
2oi 26.12 25.07 l.G5 
23! 26.32 25.Bl 1.01 
4/3 10 26.S'l 26.34 0.03 
12 26 .. 46 26.44 0.02 
15 26.51 20.55 -0.05 
18 27.59 26.67 o.92 
21 28.88 26.S'f 1.40 
2st 28.58 2'7.i9 l.lS 
on the movement curve (figure 23, curve D) for the same leaf. The 
alt\ ~~pt,-- " 
movement curve was obtained ~the autematfe ~eaciiia.g drum (see 
Chapter V). 
The quantitative agreement between the curves of growth and move-
ment gives a definite proof that the movement is due to the differeatial 
growth of the upper and lower sides of the petiole. 
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II. Auxin in relation to growth and movement. 
It has been eatablished that auxin is the primary factor for 
the growth in length of plants (Went 1928}. The unequal growth in 
phototropic and geotropic curvatures of plant parts is due to an 
unequal distribution or destruction of auxin (Went 1928, Overbeek 
1932). The next problem here was then to find the relation of 
aux.in to the differential growth of the petiole of papaya. Experi-
ments were conducted to find out: 
(1) where auxin is produced, and 
(2) how is it distributed. 
A. Ef feet or deblading on growth and movement. 
Three experiments were done with (1) normal leaves, (2) leaves 
from which-the blades were removed excepting the midrib (debladed leaves), 
and (3) debladed leaves with a small e.mount of auxin paste applied to 
the point of insertion of the petiole at frequent intervals. The auxin 
concentration was 1 part in 1000 parts of lanol~. The movements of 
these leaves were registered on the kymograph. The growth of the two 
sides of the petioles was measured at twelve hour intervals with the 
2. 
aid of a horizontal microscope. The movment curves or the debladed 
,,..... 
leaves and the debladed-auxin leaves are given in figure 24 and 25 
reepecti vely. The growth measurements of all the three kinds of leaves 
are tabulated in table XXXVII and plotted in figure 26. 
The results show that: first, the debladed leaves have lost their 
activity for both growth and movement, indicating that auxin is only 
produced in the blade. Second, the debladed-auxin leaves cease to move 
but still continue to grow. The growth, however, is equal in the two 
Table XXXVII. Growth of petioles : normal, debladed and de bladed plus 
auxin. 
Time 
upper 
side 
normal 
lower 
side 
I 
I 
.,.;,.y(/VUV.i.A % o:f -g~wUt in length 
~ de bladed 1 
I 
upper lower ' 
side r side ti 
upper 
side 
~ debladed ' 
plus ~ 
auxin ll 
- lower I 
side j 
i=--~o~--H~~-o~~+-~~o~~-+-~-o~~+-~~o~--+~~~o~~~~~o~~I 
. ... 6~-~9 I 12 0.19 s.10 
......... -o~~,.._,~~3=-•.;;,..;9;,...5~-~~~5;.,,.;;•_;,g,,;;3~~~~1;_:,.,,;;;.,s~=-+=~~ ;,.3.;;..;. 2;;;;,,,,-c---l~~._;l;;;;,;3;;_;;-•;_;9~~-· -=-=13 .a 
12 8.35 0.2 a.s 
0 8.43 9.85 0.8 
12 8.12 
0 13.05 15.00 5.1 
12 12.40 17.8 
c~ green house fumigated. 
20.5 
20.6 
18.2 
• 21.0 
25.5 
24.S 
'TB. 
sides of the petiole, consequently no movement being observed. The 
capacity of growth, er sensitivity to auxin1 of the two sides of the 
petiole is, therefore, the ae.me. The normal movement must be due te 
a differential supply of auxin from the leaf blade. The whole meehan-
ism of the movement must then be sought for in the blade. 
B. Anatomical structure of the leaf. 
In order to understand the differential supply of auxin from 
the blade to the two sides of the petiole, it is necessary to know the 
structural connection between these two parts. Microscopic sections 
were therefore made of the principi veins and also of the junctions 
between the leaf blade and the petiole {figure 28). 
The gross appearance of the papaya leaf is shown in figure 27. 
The first few leaves produced by the young plant are three-lobed, 
later leaves are five-lobed and in mature plants the blades are gener-
ally seven-lobed. The principal veins from these lobes come together 
at one point e..nd enter into the petiole at that point. 
Since it is known that the conduction of auxin is chiefly through 
the phloem, special attention ~ therefol'&lpaid to this tissue. In 
the principal vein (figure 28, A, B) the phloem consists of a number 
sfr'~nds 
of strands surrounding the xylem. At the junction the xylem shrttfik 
from all the veins and fused together (figure 28C} while at least 
part of the phloem strands (those on the ventral side of the veins} 
do not ruse and enter individually into the petiole (figure 2SD, E, F). 
Itis important to note here that, while most of the phloem stl".ands 
from the central tip l~be (figure 27A) go to the lower (abaxie.l) 
side of the petiole, those from the basal lobes (figure 27D) enter 
the upper (adaxial) side of the petiole and those from the side 
lobes (figure 27B) go to the lateral sides. A natural deduction 
from the study of the structure is that the differential supply 
of auxin, probably due to the different preduction or distribution 
in the different regions of the leaf blade, determines the movement. 
This deduction lead? to the following experiments. 
a. Movement induced by the application of auxin. 
(j) ~1-rerirnenh itJ C4n,jfewvf i1yhf. 
To eliminate the normal nyctinastie movement the pls.nts were 
placed under constant light (3 x 100 watts) for two weeks. The leaves 
that no longer showed nyctinastic movement were used for the experi-
ment. Auxin pastes made of l part of pure heteroauxin in 500 or 1000 
parts of lanolin was placed on the four basal lobes of the leaves 
(figure 27CC,DD) and covered with black paper to protect it from 
being destroyed by light (Overbeek 1935). The movement of the leaves 
was registered on a kymograph. The results of two experiments are 
given in figure 29, j,n which the arrows indicate the time of appli-
cation of the auiin, of concentration shown in the brackets. An 
arrow above the curve means auxin applied on the upper (dorsal) side 
of the leaf, and an arrow below the curve means auxin put on the 
onL:i 
lower (ventral) side. Of the six leaves tested~one failedJto give 
a reaction. The leaves treated only on the upper side with the 
1/1000 auxin paste bent down slightly for about eight hours after 
the application. Then, in general, the leaves bent back to their 
normal horizontal position. Those leaves treated on both sides with 
the l/500 auxin paste bent down much more and did not go back to the 
original position. 
so. 
The curvature induced by auxin (especially the higher concen-
trations) appeared a little lower down the petiole (upper third) 
than that found in the nyctinastic movement normally. The explana-
tion is perhaps that the higher concentre,tion of auxin goes farther 
bl4 down the petiole than the much smaller amount of auxin normally 
f\ ~ 
found in the leaf. 
It must be emphasized that although the auxin curvatures are 
slightly lower down the petioles , they are by no means comparable 
to the epinastic curvatures found at the very base of the petioles 
(section IB). Therefore they can not be considered as epinastic 
curvatures and are perhaps different from the auxin-induced epinasty 
in other plants {Hitchcock and Zimmerman 1935). 
@ ~ret"1 me-»t •"' l~~ ~re.et) t)ou..)f. 
Similar expe•iments were performed in the green house, the results 
of which are shown in figure BO and 31. 
It is seen that the appliee.tion of auxin ( 1/1000) to the basal 
( =t,·d' 3 o c! :; L t:>.) 
lobes {figure 2YCC,DD) was very effective in causing the leaves to bend 
down to the sleeping positions. The reaction occurred within two hours 
after application of auxin. 
The reverse reaction, i .• e. bending upward ef the leaves to the 
day position was more difficult to k...indue9' bJ the application of 
auxin to the midrib (figure 2'1A). The 1/1000 auxin paste was ineffec-
tive, a stronger paste 1/500 was necessary. 
ris htj 
The reaction started 
/\. 
either immediately or several hours after the treatment. l ;;-,~i> 30 &.sl T) 
.J 
The leaf can therefore be either "put to sleep" or "awakened." at 
any time of the day by 1ihe artificial application of auxin to the 
different regions of the blade. 
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D. Extre.ction of auxin from leav-es. 
Direct proof of the differential supply of auxin from the 
blade must, of course, rest on the actual measurements of the auxin 
~~f,rtt,c-f-.e4 
~~d from the leaf. A large number of experiments have been 
made using both the agar-diffusion method (Went 1928) and the CHCl3 
extraction method (Thime.nn 1934). So far the experiments have not 
been successful. The amount of auxin extraetable from the leaves 
was always so small that quantitative measurement with both the 
normal and the deseeded Avena tests (Skoog 1927) has not been ac-
complished. The reason for this apparent failure is probably the 
high destructive activity of the cut surface of the papaya leaves. 
Both oxidases and peroxidases are present in comparatively large 
quantities as sho~'n by the ,,;:{- ne.phthol and benzidine-8202 tests 
(Overbeek 1935). It is hoped that further improvement of technique 
will make quantitative extraction possible. Futperiments are now in 
progress relating to this phase of the subject. 
III. Conclusions and discussion. 
From the results of the above experiments a rough picture of 
the movement can be obtained. At midnight and in the morning ~ 
the auxin comes from the tip (central) lobe of the blade to.1 the 
lower (abaxial) side of the petiole, so that the lower side grows while 
the upper side does not. The leaf, therefore, rises to the horizontal 
day position. In the late afternoon and the evening !!e£!. of the auxin 
comes from the basal lobes of the blade to the upper (adaxial) side 
of the petiole, ac th.at the upper side grows faster than the lower aide. 
The leaf, therefore, bends fiown to the vertical night position. 
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Whether the different amount of auxin in the apical and basal 
lobes of the leaf blades is due to dif f e:re:nt production or distri-
butien, cen not be said definitely a:t present since direct mee,sure-
ment has not been accomplished. Evidence, h~wevert is in favor of 
the latter poseibility. Skoog {1937) and Avery (1935) found that 
the leaves produce au.'C.in only in the light and use up tl1eir auxin 
in darkness in the course of a few days. Since papaya leaves ex-
hibit the same movement in darkness, it is eviden.tly not concerned 
with the production of aux.in, bi.«t probe~bly with the distribution of 
a.Cll-lr>ti!A.ittf-et/f 11'" 
the auxin. /The exple.nation of leaf movements from the hormonic point 
I'\ 
of view was first suggested by N. Ball (1923). Later experiments 
have been chiefly concerned with induced movement by the artificial 
application of auxin. Thus auxin ha.s been found to induce epinasty 
and hyponasty in leaves of tobacco (Avery 1935}, Coleus (Laibach 
and Fischnich l9S6, Fischnich 1935), tomatoes (Hitchcock and Zimmer-
man 1935), etc. 
Of special interest are two recent papers on floral movements. 
B8hner (1932) found that the opening of the flowers of Tulipa is due 
to an increase in the wall extansibility of the cells on the upper 
side of the sepals, end the closing action was due to the ~averse 
process. The results were interpreted by Guttenberg (1933, 19S5) 9 as 
perhaps caused by a differential supply of auxin. Zollito~er found 
the same changes of wall extensibility in the curved inflorescence 
:JUdJ;.~ & 
stalk:s of some plant {& pa.paver}. She was e.ble to demonstrate fur-
;, 
ther that these changes were primarily due to the dif'f erence in the 
amount of auxin. As far as the mechanism alone is concerned, these 
83. 
floral movements are, therefore, very similar to the leaf movements 
of papaya. 
IV• Summary. 
(l) A close relation is shown to exist between the activity of 
nyetinastic movement and the e.ge, j .• e. the growth rate of the 
lee.ves. 
(2) The curvature or the nyctinastic movement is localized in 
the upper growth zone of the petiole. 
(3) Direct measurement shows that the movement is due to the 
unequal growth of the two sides of the petiole. The upper 
(adaxial) side grewe only in the latter half of the day (noon 
to midnight) and does not grow in tha earlier half (midnight 
to noon). The lower (abe.xial) side grows continuously, al-
though it grows more in the morning than in the afternoon. 
The course of movement agrees quantitatively with the difference 
,~-;;;z:----~----.. _____ ---------- --
in grovrtb of the two side5. ...,The unequal growth must be due to 
---
'~.~e differential supply of auxin from the leaf blade. 
; . ~~ ' -=----------------------~-~-------- -----~~-~-=-----~------------~ -- - --- ---------- -- ------ ~- ---------~------------ -- -~-- --
( 4) The sensitivity to auxin of' the twa sid.es of the petiole 
was :round te be the same, ~ further supperls the idea of 
a--di.£ferential eupply~-in1portant---fa!Ji'tor. 
(5) Nyetinastie movement or leaves can be induced by the ex-
terna.1 application of auxin. The leaves droop when auxin is 
applied to the basal lobes of the blade, e~d rise when the 
auxin is applied to the tip (central) lobe. 
( S) l.licroscopice.l studies reveal that the main vein of the tip 
(central) lobe goes into the lower (abaxial) side of the petiole, 
while the main veins of the basal lobes enter into the upper 
84. 
(adaxial) side. 
(7) The conclusion is reached: that a differential auxin supply 
from different regions of the leaf blade causes a differential 
growth of the upper and lower sides of the petiole, which is 
responsible for the nyctinastic movement. 
(8) The results are discussed in relation to the current literature. 
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Pl ate I. 
A. upper le!t ----------- control; 
upper middle - 0.0001 mg./c.c.; 
heteroauxin 
upper right - o.Ol mg./c.c. ; 
heteroauxin 
B. upper left---- O.Ol mg./c.c.; 
benzoic acid 
upper middle -- 0.10 mg. /c.c.; 
benzoic acid 
UFper right --- o.so mg./c.c.; 
benzoic acid 
l ower l eft ---------- control. 
lower ~iddle - 0.001 mg./c .c. 
heteroawtin 
l ower right - 0.040 mg./c.c. 
heteroauxin 
lower left ---- c •• 05 mg. /c.c. 
phenyl acetic acid. 
l ower middle -- 0.010 mg./c.c. 
phenyl acetic acid. 
lower right --- 0.005 mg./c. c. 
phenyl acetic acid. 
Plate II. 
c. 
D. 
upper left ---- 0.05 mg. /e.c.; lower 
¢-proprionic acid 
upper middle -- 0.10 mg./c.e.; lower 
¢-proprionic acid 
upper right --- o.50 mg./c.c. 
¢-proprionic acid. 
l eft --- - 0.05 mg./c . c . 
jd-butyric acid. 
right - -- 0.050 mg./c .c. 
¢-butyric acid. 
~ 
I 
upper left---- 0.005 mg./c . e.; 
ei s-cinnamic acid 
upper middle -- 0.010 mg./c. e.; 
cis-einnamic acid 
upper right --- 0.050 mg./c.e.; 
eis-ci nnamie acid. 
lower l eft ---- C.05 mg./c.c. 
t rans-cinnamic acid. 
lower right --- a.so mg./c.c. 
tre.ns-cinnamic acid. 
Plate III. 
E. upper left---- 0.0001 mg./e.c.; 
Vitamine B1 
upper middle -- 0.0005 mg./c. c. ; 
Vitamine B1 upper right --- 0. 0010 mg./c.c.; 
Vitamine B, 
lower left ---- 0.0001 mg./c.c. 
Vita.mine Bl. 
lower middle -- 0.0005 mg./c . c. 
Vitamine B1• lower r ight --- control. 
F. {control}. 
~ 
I 
I 
Plate IV. 
G. Photomicrograph of Culture IIb (0.0001 mg./c.c. heteroauxin) • 
... 
·-
I 
~ 
H. Photomicrograph of Cul t ure IX.a (0.0001 mg. · / c.c. Vitamine B1). 
~ 
i 
I 
Pl ate v. 
A. Day position of the leaves. 
B. Night position of the leaves. 
